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PREFACE 


The purpose of this book is to provide for students of engineering 
a text which will give not only a basic knowledge of the materials 
and processes to be encountered in industry, but also some training 
in manufacturing operations. While these operations are often 
taught in large concerns, the necessary training is not always available 
for the bulk of the graduates entering small industries. 

This book provides a comprehensive survey of manufacturing 
materials and processes. It can be useful to the practicing engineer 
and will aid the industrial worker who wishes to review some special 
phase of metal processing. Each topic is dealt with concisely. Line 
drawings, rather than photographs, have been used for a clear<* 
visualization of eacji machine process, and the tables have been 
chosen carefully for the greatest usefulness and for future reference. 

New chapters include Manufacturing Processes, Electroforming and 
Metal Coating Processes, and Metal Cutting. Chapters which have 
been rewritten to include much new material are those on Foundry 
Equipment and Procedures, Press Work, Plastic Molding, Inspection, 
and Drilling and Boring Machines. In ail chapters emphasis has 
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been placed on recent developments, and the text has been carefully 
revised to bring it up to date. ^ 

My deep appreciation goes to the many people who have con¬ 
tributed illustrative material, as well as helpful suggestions. 1 wish 
to especially acknowledge the assistance of Professor J. R. Holmes 
in preparing the line diagrams. Dr. John Gross in revising the chapter 
on Heat Treatment, and of colleagues who reviewed sections of the 
manuscript for accuracy. 

Myron Louis Begeman 

Austin, Texas 
November 1956 
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•V 

Since the first use of machine tools*there has been a gradual, but 
steady, trend toward making machines more efficient by combining 
operations and by transferring more skill to the machine, thus re¬ 
ducing manual labor. To meet these needs, machine tools have 
become complex both in design and in control. Automatic features 
have been built into many machines, and some are completely auto¬ 
matic. This technical development has made it possible for industry 
to attain a high production rate with the accompanying low labor 
cost which is an essential development for any society wishing to 
enjoy high living standards. 

Along with the development of production machines, the quality 
in manufacturing has been emphasized. Quality and accuracy in 
manufacturing operations demand that close dimensional control be 
maintained to turn out parts which are interchangeable and give the 
best operating service. For mass production any one of a quantity 
of parts must fit in a given assembly. A product made of inter¬ 
changeable parts is quickly assembled, low in cost, and easily serviced. 
To maintain this dimensional control, appropriate inspection facili¬ 
ties must be provided. 

I 
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MochiiM or ProcMS S«l«cfioii 

Product manufacturing requires tools and niachines that can 
produce economically as well as accurately. Economy depends to 
a large exent on the proper selection of the machine or process for 
the job that will give a satisfactory finished product. The selection 
is influenced, in turn, by the quantity of items to be produced. 
Usually there is one machine best suited for a certain output. In 
smalMot or Jobbing-type manufacture, general-purpose machines 
such as the lathe, drill press, and planer may prove to be the best type 
since they are adaptable, have lower initial cost, require less main¬ 
tenance, and possess the flexibility to meet changing conditions in the 
shop. However, a special-purpose machine should be considered 
when large quantities of a standardized product are to be produced. 
A machine built for one type of work or operation, such as the grind¬ 
ing of a piston or the surfacing of a cylinder head, will do the job 
well, quickly, and at low cost, requiring only the service of a semi¬ 
skilled operator. 

Many of the special-purpose machines or tools differ from the usual 
standanl type in that they have built into them some of the skill 
of the operator. A simple bolt may be produced on either a lathe or 
an automatic screw machine. The lathe operator must not only 
Ifiiow how to make the bolt but must also be sufliciently skilled to 
operate the machine. On thi automatic machine the sequence of 
operations and movements of tools are controlled by cams and stops, 
and each item produced is identical with the previous qne. This 
’’transfer of skill” into the machine makes possible the use of less 
skillful operators, but it does require greater skill in supervision and 
maintenance. Often it is not economical to make a machine com¬ 


pletely automatic, as the cost may become prohibitive. 

The selection of the best machine or process for a given product 
requires a knowledge of all possible production methods. Factors 
that must be considered are volume of production, quality of finished 
product, and the advantages and limitations of the various types of 


equipment capable of doing the work. Too much emphasis cannot 
be given to the fact that production can be by several methods, but 


usually there is one way that is most economical. 


likHiiifactiiriav Pr«e«tMt 

Most metal products originate as an ingot casting from one of the 
many ore-reducing or ore-refining processes. Molten metal by these 
‘processes is poured into metal or graphite molds to form ingots of 
convenient size and shape for further processing. 
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Manufacturing {Mrocesset used in the working of metals may be 
classified as follows: 

1. Processes us6d primarily to change the shape of metals: 


(a) Casting. 

(b) Forging. 

(c) Extruding. 

(d) Rolling. 

(e) Drawing. 
(/) Squeezing. 

Crushing. 
(h) Piercing. 
(0 Swaging. 


(/) Bending. 

(k) Shearing. 

(/) Spinning. 

(m) Stretch forming. 

(n) Roll forming. 

(o) Torch cutting. 

(p) Electroforming. 

(q) Powder metal forming 


In this group of processes material is changed into its primary 
form for some selected part. In ceruin cases the parts are suitably 
finished for commercial use, as in metal spinning, cold rolling of shaft¬ 
ing, die casting, stretch forming of sheet metal, and drawing wire. 
In other cases, neither the dimensions nor the surface finish are 
satisfactory for the final product, and further work on the part is 
necessary. It should be noted that the last two processes, electro¬ 
forming and the forming of powder metal parts, do not originate 
as a casting. Electroformed parts are produced by electrolytic 
deposition of metal onto a conductive preformed pattern. Metal, 
is supplied from the electrolyte and » bar of pure metal which acts 
as an anode. Parts of controlled thickness, having high precision, 
can be made by this process. The method used in the production of 
powder metal parts is essentially a pressing operation. Metal 
powders are placed in a metal mold and compacted under great 
pressure. Most powder metal products also require a heating 
operation to assist in bonding the particles, together. 

2. Processes used for machining parts to planned dimensions: 


(ay Turning. 

(b) Planing. 

(c) Shaping. 

(d) Drilling. 

(e) Boring.* 
(/) Reaming. 


(g) Sawing. 

(h) Broaching. 
(0 Milling. 

(;) Grinding. 
(k) Hobbing. 
(/) Routing. 


In these secondary operations which are necessary for many prod¬ 
ucts requiring close dimensional accuracy, meul is removed from the 
parts in small chips. Such operations are performed on machine 
(ools which include the various power-driven machines used for the 
cutting of metal. All of these operate on either a reciprocating or 
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a rotary-type principle: either the tool or the work reciprocates or 
rotates, as indicated in Figure 1. The planer is an excellent example 
of a reciprocating machine since the work reciprocates past the tool, 
which is held in a stationary position. In other machines, such as 


Work Rotottt 



Tool Foods I i 
Turning 



Boring 



Grinding 


Milling 


Rociprocoting 
Tool--- 

Work Foods 
Loforoliy 



Shaping 


Ploning 



Broaching 


Drilling 


Pig. I. Basic proeassas uiad for maekining parts to plannad dlmaiulons. 


thelshaper, the work is stationary and the tool reciprocating. Rotary 
machines are exemplified by the lathe, which has the work rotating 
and the tool stationary. In the drill press it is the tool that is 
rotating. 

Many of the machine tools can do a variety of machining opera¬ 
tions, and all are capable of protlucing parts having close dimen¬ 
sional tolerance. The important factor is that the advanta^ and 
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limitations of each be known so that an intelligent selection of the 
right machine can be made. 

3. Processes us8d primarily to obtain a surface finish: 


(a) Polishing. 

(b) Abrasive belt grinding. 

(c) Barrel tumbling. 

(d) Electroplating. 

(e) Honing. 

(f) Lapping. 


(g) Superfinishing. 

(/<) Metal spraying. 

(i) Inorganic coatings. 

(j) Parkerizing. 

(k) Anodizing. 

(/) Sheradizing. 


In this group there are processes tliat cause little change in dimen¬ 
sion and result primarily in giving the surface finish. Other 
processes, such as grinding, remove some metal and bring the part 
to a preplanned dimension in addition to giving it a good finish. 
In the processes such as honing, lapping, and polishing it is a matter 
of fitting and removing small scratches with little change in dimen¬ 
sion. Superfinishing is also a surface-improving process which 
removes undesirable fragmented metal, leaving a base of solid crystal¬ 
line metal. Plating and similar processes, used to obtain corrosion- 
resisting surfaces or just to give a better appearance, do not change 
dimensions materially. 

4. Processes used in joining parts or materials: 


(a) Welding. 

(b) Soldering. 

(c) Brazing. 

(d) k Sintering. 


, (e) Pressing. 

(f) Riveting. 

Screw fastening, 

(h) Adhesive joining. 


Welding is the fusion or uniting of metal parts by heat. Soldering 
and brazing operations are similar except that the parts are joined 
by introducing a different metal between the two in a molten state. 
Sintering applies tc the bonding of meullic particles by the appli¬ 
cation of heat. Structural adhesives in the form of powders, liquids, 
solids, and tapes are widely used in the joining of metals, wood, 
glass, cloth, and plastics. 

5. Processes which change the physical properties of metals: 

(a) Heat treatment. (c) Cold working. 

(b) Hot working. (d) Shot peening. 


Heat treating includes a number of processes which result in 
changing the properties and structure of metals. Although both 
hot and cold working of metals are primarily processes for changing 
the shape of metals, these processes have considerable influence on 
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both the structure and the properties of the metal being worked 
upon. Shot peening renders many small parts, such as springs, 
resistant to fatigue failure. 

Eiigiii««riii9 Matorlab 

In the design and manufacture of a product it is essential that the 
material as well as the process be understood. Materials differ widely 
in physical properties, machinability characteristics, methods of form¬ 
ing, and possible service life. The designer should consider these 
facts in selecting an economical material and a process which are 
best suited to the product. 

Few metals used in industry exist as elements in nature. The 
natural compounds used, such as oxides, sulfides, or carbonates, must 
undergo a separating or refining operation before they can be further 
processed. Once separated, they must have an atomic structure 
which is stable at ordinary temperatures over a prolonged period. 
In metal working, iron is perhaps the most imfiortant natural ele¬ 
ment. Iron has little commercial use in its pure state, but when 
combined with other elements into various alloys it becomes the lead¬ 
ing engineering metal. The nonferrous metals, including copper, 
tin, zinc, nickel, magnesium, aluminum, lead, and others, all play an 
important part in our economy, and each has specific properties and 
upes. 

Further descriptions of the common engineering materials and 
their processing will appear in the following chapters, with particular 
emphasis given to their advantages and limitations. 

AotomatioB 

Automation is a word, coined by the automotive industry, to 
indicate the application of automatic control to the operation of 
various basic machines. The control may include one machine or 
a series of machines, whatever is necessary to complete a series of 
operations in making a product. It may include loading the ma¬ 
chines. transferring the product from one machine to another, 
inspection, and final ejection of the product from the machine. It 
has ibeen defined in broad terms as ". . . manufacturing, processing 
or performing of services as automatically as economics permit or 
demand." 1 

Generally speaking, almost any machine or process can be made 
automatic I'he extent to which this idea is carried out depends 
entirely on the economics of the situation. In one case a machine 

> R. W. Bell. "AutQiMfioft fo Dah»," Mnu glvtn af Michigan Sfafa Univenily. 
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may operate continuously over a long period o{ time, with the 
material coming to it automatically, whereas in another case an 
operator must load and unload the machine, which is automatic 
only to the extent that it performs a sequence of operations. Auto* 
matic screw machines, multiple-spindle automatics, and automatic 
lathes with magazine or hopper feed illustrate completely automatic 
machines. 

When it is desirable to increase the number of operations above 
what^could be done on a single machine, it becomes necessary to 
combine two or more machines. Standard machines may then be 
used with a conveyor or transfer unit between them to handle 
the part from one machine to the next. The problem of overall 
control and synchronization becomes very important as soon as it 
is necessary to mechanize the handling and co-ordinate it with the 
machine. In Figure 2 is shown an automated line involving a great 
amount of mechanization and co-ordination. Complete co-ordina¬ 
tion, however, is not necessarily automation. Automation also im¬ 
plies self-correction such as the governor controlling the speed of an 
engine or the simple thermostat controlling the temperature in a 
house. On a machine doing a turning operation the feedback 
control would feed the tool in slightly if the diameter became too 
large. In other words, automation gives to the machine some power 
oPchoice or ability to correct itself if certain prescribed limits are 
exceeded. It is an extension df mechanization which implies com¬ 
plete automatic production of processes. Examples of this new 
development are found in all phases of manufacturing, but in most 
cases it is confined to the production of a single part 
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FOUNDRY EQUIPMENT 

AND 

PROCEDURES 


With the gradual advancement of civilization to the present in¬ 
dustrial, age, castings have constituted a basic foundation for the 
development of mechanical processes. The field for cast parts is 
increasing constantly because scientific research has brought about 
applications and adaptations which hitherto were not considered 
within the scope of the castings industry. 

Casting i^ the process of pouring molten metal into a mold and 
allowing it to solidify. By this process, intric.ate parts can be given 
strength and rigidity frequently not obtainable by any other method. 
Although all metals can be cast, iron is especially adaptable because 
of its fluidity, its small shrinkage, and the ease with which its prop¬ 
erties can be controlled. ^ 

The mold, into which the metal is poured, is made of some heat- 
resisting material. Sand is most often used, as it is easily packed 
to shape, is somewhat porous, and resists high temperatures. Per¬ 
manent molds of metal can be used for small castings, particularly 
those of nonferrous composition. In die casting, metal molds are 
used exclusively. 
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Sand molds are filled by pouring the molten metal into an opening 
at the top of the mold. Properly constructed {passages allow the 
metal to Bow to all parts of the mold by gravity. Permanent molds 
can be filled the same way, but in die casting the practice is to fonx 
the metal into the mold under pressure, either by compressed air or 
by an operating plunger. In centrifugal casting, the metal is intro¬ 
duced into the mold by gravity, additional pressure being obtained 
by centrifugal force. 

Tools and Equipmont for Molding 

Small or medium-sized castings are made in a fiask-~SL box-shaped 
container without top or bottom. It is made in two parts, held in 
alignment by dowel pins. The top part is called the cope and the 
lower part the drag. If the flask is made in three parts, the center is 
called a cheek. These flasks can be made of either wood or metals. 
Wood is the cheapest material, and wooden flasks can be quickly 
made, but they have the di.sadvatitage of wearing out rapidly and 
of being destroyed by contact with hot metal. Metal flasks of steel, 
cast iron, magnesium, or aluminum alloys are widely used in pro¬ 
duction work because of their rigidity and permanence. 

One type of flask often used in the production of small castings 
and in machine molding is the snap flask. 7'his flask can be removed 
£d>m the mold by releasing the latches at one corner and can be 
immediately used again. A st^l slip jacket is placed over the mold 
to hold it tc^ether and to prevent breakage from pressure of the 
molten metal as it enters the mold. These jackets assist in holding 
the halves of the mold in proper alignment and eliminate diflicul- 
ties caused by shifting of the cope. Being of steel, they are not 
seriously damaged by occasional contact with hot metal. 

A molding board and a bottom board complete the flask. The 
molding board is a smooth board on which the flask and patterns 
are placed when the mold is started. It should be perfectly flat and 
well reinforced with cleats on the bottom. When the mold is turned 
over, the function of this board is ended; the mold is placed*on a 
similar board, called a bottom board, which acts as a support for the 
molh until it is poured. 

Before any metal is poured into a mold, it is necessary that the flask 
be clamped in some way to prevent the buoyant effect of the molten 
metal from lifting up the cope. Small molds are usually held down 
by flat cast-iron weights, placed on top of the molds. Larger flasks 
are held together by clamps, placed on the sides or ends—either 
U*shaped damps held tight by driving wooden wedges-under the end 
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or clamps that can be quickly adjusted to fit the height of the flask. 

A gdgger is a jmall L*shaped metal accessory used in floor molds 
to help support hanging bodies of sand in the cope. It is used only 
in large molds having crossbars. The gagger is first coated with a 
clay v’ash and then placed next to one of the crossbars. The lower 
end should be close to the pattern, and the upper end should extend 
to the top of the mold. 

The hand tools of a molder are few and need little explanation. 
A brief description of the most important tools is given here. 

fticfcff*. A riddle of a standard mesh screen is used to remove 
lumps or foreign particles from the sand. Both hand and ]x>wer 
riddles are available, the latter being used wliere large volumes of 
sand are involved. 

flommor. A hand rammer is used to pack the sand in the mold. 
One edge of the rammer, called the peen end, is wedge shaped; the 
other, called the butt end, is flat. Floor rammers are similar in 
construction but have long handles. Pneumatic rammers are used 
in large molds, saving considerable labor and time. 

Bellows* Standard hand-operated bellows are used for blowing 
loose sand from the cavities and surface of the mold. 

Trowel. Small trowels of various sha]>es are used for finishing 
and repairing mold cavities as well as for smoothing over the parting 
surface of the mold. The usual trowel is rectangular in shape arid 
has either a round or a square end. 

Sllek. The principal hand tool for repairing molds is called a 
slick. is a small double-ended tool having a flat on one end 
and a spoon on the other. I'his tool is also made in a variety of 
other shapes. 

Lifter. Lifters are used for smoothing and cleaning out depres¬ 
sions in the mold. They are made of thin sections ol steel of various 
widths and cengths with one end bent at right angles. A combina¬ 
tion slick and liher is known as a Yankee lifter. 

Swob. This tool is used for moistening the sand around the edge 
before the pattern is removed. A simple swab is a small brush having 
long hemp fibers; a bulb swab has a rubber bulb to hold the water 
and a soft hair brush at the open end. * 

Drew spIkO or scr«w. The draw spike is a pointed steel rod, 
with a loop at one end. It is driven into a wood pattern to hold the 
pattern when it is withdrawn from the sand. The draw screw is 
similar in shape but threaded on the end to engage metal patterps. 

VmT wire. This wire has a sharp point and is used to punch holes 
through the sand after it has been rammed. In this manner the mold 
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is provided with vents which carry off the steam and gases generated 
by the hot metal in contact with the sand. , 

Gafe cafHr. This tool is a U-shaped piece of thin metal used 
for cutting a shallow trough in the mold to act as a passage for the ' 
hot metal. 



Rg. I. Urg* pH meld partially eemplated. (Ceurtaty Steal Founders^ Seclaly of 
Amariea.) 


. Melding Precessei 

Molding practice in the ordinary commercial foundry may be 
classified according to (1) the processes used in making the mold or 
(2) the type of material of which the mold is made. Under the first 
heading we have the following divisions: 

T. fieiieh molding. This type of molding is for small work, done 
on a bench of a height convenient to the molder. 

Floor molding. When castings increase in size (with resultant 
difiiculty in handling), the work is done on the foun<hry floor. This 
type of molding is used for practically all medium-sized and large 
castings. 

3*,Flf molding. Extremely large castings are frequently molded 
in a pit instead of a flask. The pit acts as the drag part of the flask. 
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and a separate cope is used above it. The sides oC the pit are bridk 
lined, and on th^ bottom there is a thick layer of cinders with con¬ 
necting vent pipes to the floor level. Since pit molds can resist 
pressures developed by the hot gases, this practice saves greatly on 
pattern expenses. Figure 1 shows a large pit mold partially 
conipleted. 

4. Maeftffft meldfaif. Machines have been developed to do a 
number of the operations that the molder ordinarily does by hand. 
Ramming the sand, rolling the mold over, forming the gate, and 
drawing the pattern can be done by these machines much better 
and more efficiently than by hand. So far, no machine has been 
developed that is completely automatic. 

Molds classified as to the materials commonly used are: 

f • Greoa-sond molds. This most common method, consisting of 
forming the mold from damp molding sand, is used in most of the 
processes previously described. Figure 2 illustrates the procedure for 
making this type of mold. 

2. Skla-driod melds. Two general methods are used in preparing 
the skin-dried molds. In one the sand, around the pattern to a depth 
of about inch, is mixed with a binder so that when it is dried it 
will lea^'e a hard surface on the mold. The remainder of the mold'is 
made up of ordinary green sand. The other method is to make the 
entire mold of green sand and then coat its surface with a spray or 
wash wh[ch hardens when heat is applied. Sprays used for this 
purpose include linseed oil, molasses water, gelatinized starch, and 
similar liquid solutions. In both methods the mold must be dried 
either by air or by a torch to harden the surface and drive out 
excess moisture. 

3. Ofy-fo4(4 mold*. These molds are made entirely from fairly 
coarse molding sand mixed with a binding material similar to those 
already mentioned. Since they must be oven baked before being 
used, the flasks are of metal. A dry-sand mold holds its shape when 
poured and is free from gas troubles due to moisture. Both the 
skin-dried and dty-sand molds are widely used in steel foundries. ^ 

4. Loom meld*. Loam molds, like pit molds, are used for large 
work. The mold is first built up with bricks or laige iron parts. 
These parts are then plastered over with a thick loam mortar, the 
shape of the mold being obtained with sweeps or skeleton patterns. 
The mold is then allowed to dry thoroughly so that it can resist the 
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heavy rush of molten metal. Such molds take a long time to make 
and are not extensively used. « 

5. M*#of moldf. Metal molds have their principal use in the die 
casting of low-melting-temperature alloys. Castings are accurately 
shaped with a smooth finish, thus eliminating much machine work. 

6, Special Hioldi. Plastics, cement, plaster, paper, wood, and 
rubber are all mold materials used to fit particular applications. 
These are discussed in more detail in Chapter 5, Special Casting 
Methods. 

MoMfng Sond 

Silica sand (Si02) > found in many natural deposits, is well suited 
for molding purposes because it can withstand a high temperature 
without decomposition. I'his sand is low in cost, has long life, and 
is available in a wide range of grain sizes and shapes. On the other 
hand, it has a high expansion rate when subjected to heat and has 
some tendency to fuse with the metal. If it contains a high per¬ 
centage of fine dust, it can constitute a health hazard. 

Pure silica sand is not suitable in itself for molding since it lacks 
binding qualities. The binding qualities can be obtained by adding 
8 *to 15% of clay. Some natural molding sands are adequately 
•bonded with clay when quarried and need little alteration to make 
them suitable for use. Clay,*when added to the sand and dampened 
by water, forms a mixture which becomes cohesive and is easily 
shaped into molds. Synthetic molding sands are made up of washed 
sharp-grained silica to which bentonite clay is added. * 

The size of the sand grains will depend on the type of work to be 
molded. For small and intricate castings the use of a fine sand is 
desirable so that all the details of the mold will be brought out 
sharply. As the size of the casting increases, the sand particles like¬ 
wise should be coarser to f>ermit the ready escape of gases that are 
generated in the mold. 

Sharp, irregular-shaped grains are usually preferred because of 
their ability to interlock and add strength to the mold. 

#Good molding sand should be: 

1. Refractory—to resist the high temperatures of the molten iron 
without fusing. 

2. Cohesive, when moistened—to provide sufficient bond to hold 
together. 

S. Porous or permeable—to permit the escape of gases and steam 
formed in the mold. 
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In addition to silica sand, zircon, olivine, and chamotte sands 
are coining into «neral use in foundries. Zircon (ZrSi 04 ) is a 
cream-colored sand used principally for cores and facing sand. A 
fine sand with high heat conductivity, good refractory characteris¬ 
tics. and high density, it does not react with the molten metal. 
Olivine 2 (MgFe) 0*Si02. a greencolored sand found in large quan¬ 
tities in the Northwest, does not have high refractory characteristics 
and contains no free silicon; hence it poses no silicosis hazard. 
Made from calcined shale or flint clay by crushing and grading the 
lumps, chamotte has low expansion, low heat transfer, and is used 
satisfactorily with both iron and steel castings. 

. MeldiiiG Proe^dvr* 

The procedure for molding a cast-iron gear blank is illustrated in 
Figure 2. The mold for this blank is made in the usual flask, which 
consists of two parts. The two parts are held in a definite relation 
to one another by means of pins on either side of the drag which fit 
into openings in angle clips fastened to the sides of the cope. 

The first step in making a mold is to place the pattern on a 
molding board, which fits the flask being used. Next, the drag is 
placed on the board with the pins down, as shown in section A of 
Figure 2. Molding sand, which has previously bfeen tempered, is 
then riddled in to cover the pattern. The sand should be pressed 
around the pattern with the fingers; then the drag .should be com¬ 
pletely filled. The sand is then firmly packed in the drag by means 
of a hand jammer. In ramming the sand around the sides of the 
flask, the peen end should be u^d first, additional sand being placed 
into the drag as the sand is packed down. The inside area of the 
drag is then packed down with the butt end of the rammer. The 
amount of ramming necessary can be determined only by exp>erience. 
Obviously, if the mold is not sufficiently rammed, it will not hold 
together when handled or when the molten iron strikes it. On the 
other hand, if it is rammed too hard, it will not permit the steam 
and gas to escape when the molten iron comes into the mold. 

After the ramming has been finished, the excess sand is leveled off 
with a straight bar* known as a strike rod. In order to insure tile 
escape of the gases when the casting is poured, small vent holes are 
made through the sand to within a fraction of an inch of the pattern. 

The completed lower half of the mold is now ready to be turned 
over so that the cope may be placed in position and the mold 
finished. A little sand is sprinkled over the mold, and a bottom 
board placed on top. This board should be moved back and forth 
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several times to insure an even bearing over the mold. The drag 
is then rolled over and the molding board removed, exposing the 
pattern. The surface of the sand is first smoothra over with a trdwel 



Section A ’-Pattern on Molding Board, 
Ready to Ram up Drag, 



Section B — Drag^ Rotted over and Pattern 
Assembied Ready to Ram Cope* 



Section C—Mold Complete with Dry 
Sand Core in Place, 

Rg. 2. Preesdur* for making mold. 


and is then covered with a fine coating of dry parting sand. This is 
done to prevent the sand in the cope from sticking to the sand in 
the drag when the mold is separated to remove the pattern. 

The cope is next placed on the drag, as shown in section B of 





MOLDING PROGEDURE 


17 


Figure 2, the pins on either side holding it in proper position. In 
order to provide a place for the iron to enter the mold, a tapered pin 
known as a sprue Pin is placed approximately an inch to one side 
of the pattern. The operations of filling, ramming, and venting of 
the cope proceed in the same manner as in the drag. 

The mold is now complete except for the removal of the pattern 
and the sprue pin. The sprue pin is first withdrawn and a funnel- 
shaped opening is scooped out at the top so that there will be a 
reasonably large opening in which to pour the iron. Next, the 
cope half of the flask is carefully lifted off and set to one side. Be¬ 
fore the pattern is withdrawn, the sand around the edge of the 
pattern should be moistened with a swab so that the edges of the 
mold will hold firmly to¬ 
gether when the pattern is 
withdrawn. To loosen the 
pattern, a draw spike is 
driven into it and rapped 
lightly in all directions. The 
pattern can then be with¬ 
drawn by lifting up on the 
draw spike. 

Finally, before the mold is 
closed again,*'a small passage 
known as a gate must be cut 
from the mold at the bottom 
of the sprue opening. The 
completed mold is shown in 3 ^ Phrmliiq <lr «9 part of moM lor bofl 
section C, Figure 2. This cacting. {Ceurtaty Amarican Foundryman.) 
passage is shallowest at the 

mold, so that, after the iron has been poured, the metal in the gatf 
may be broken off close to the casting. The mold surfaces may be 
sprayed, swabbed, or dusted with a prepared coating material. Such 
coatings often contain silica flour and graphite, but their composi¬ 
tion varies considerably, depending on the kind of material being 
cast. The eflEect of a mold coating is to improve the surface finish 
of the casting and to reduce possible surface defects. When sn^ 
flasks are used, the flask is removed and a metal jacket placed around 
the mold. Thu permits the use of the same flask for other molds 
and eliminates the danger of having the hot iron bum the flask. 
Before the iron is poured into the mold, a weight should be put on 
top to keep it in place and to eliminate any tendency of the liquid 
iron to separate the cope and drag. 
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Molding procedure varies slightly, depending on the type of pat¬ 
tern used. For example, in Figure 3 is shown the drag part of a 
mold for a bell casting which is brought to shRpe by means of a 
sweep instead of a conventional-type pattern. Such patterns are cheap 
and well suited for molding symmetrical forms. Molding with 
match-plate patterns, which is done in most production work, diflters 
in that the operator is relieved of much manual work. 

Gates and Risers 

The passageway for bringing the molten metal to the mold cavity, 
which is known as the gating system, is usually made up of a pouring 
basin, a downgate or vertical passage known as a sprue, and a gate 
through which the metal flows from the sprue base to the mold 
cavity. In large castings a runner may be used which takes the 
metal from the sprue base and distributes it to several gate passage¬ 
ways around the cavity. The purpose of this system is primarily 
to get the metal into the cavity. However, the design of the gating 
system is important and involves a number of factors. 

1. Metal should enter the cavity with as little turbulence as pos¬ 
sible, at or near the bottom of the mold cavity. 

2. Erosion of the passageway or cavity surfaces should be avoided 
by properly regulating the flow of metal, or by the use>fof dry-sand 
cores. Formed gates and runners resist erosion better than those 
that are cut. 

3. Metal should enter the cavity so as to provide directional 
solidification if possible. The solidification should prt^ess from 
the mold surfaces to the hottest metal so that there is always hot 
metal available to compensate for shrinkage. This may be accom¬ 
plished by pouring the metal into the top of the mold cavity, by the 
use of risers, or by step gating. The last method may be used for 
large castings and provides several gates at different elevations for 
bringing metal into the cavity, the hot metal always coming in 
at the top. 

4. .Slag or other foreign particles should be prevented from en* 
te^ng the mold cavity. A pouring basin, next to the top of the 
sprue hole, is often provided on large molds to simplify the pouring 
and to keep slag from entering the mold. Metal should be poured 
so that the pouring basin and sprue hole are filled all the time. 
Skimming gates, sudi as the one shown in Figure 4, may be used 
to trap slag or other light particles into the second sprue hole. The 
gate to the mold is restricted somewhat to allow time for the float- 
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ing particles to rise into the skimmer. A sframcr, made of baked 
dry sand or osramic material> can also be used at the pouring basin 
to control the metabflow and to allow only clean metal to enter. 


f^uHng^ nSprue 



R 9 . 4. Methods Hsod tn introdHcing motsl to mold cavity. 

Risers are often provided in molds to feed molten metal into the 
main casting cavity to compensate for the shrinkage. They should 



Rg. S. Pattorn with blind risars for supplying hot matal to casting during solidification. 
(Courtesy American Foundry man.) 


be large in section, so as to remain molten as long as possible, and 
should be located near heavy sections that will be subject to heavy 
shrinkage. If they are placed at the top of the section, as shown 
in the figure, gravity will assist in feeding the metal into the casting 
proper. Risers also serve as a large vent for generated steam and 
gases and afford a place for collecting loose sand or slag. 
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Blind risers, as shown on the match plate in Figure 5, are also 
employed for feeding hot metal to the main casting during solidifi¬ 
cation. The dcmielike risers, found in the copE half of the flask, 
directly on the gate where the metal feeds into the mold cavity, 
will thus have the hottest metal when the pouring is complete. 

Saiid-CoiNlitieHiag Iqwlpinrat 

Properly conditioned sand is an important factor in obtaining good 
castings. New sand as well as used sand must be properly prepared 
before it can be used. Proper sand conditioning accomplishes the 
following results; 

1. It distributes the binder uniformly around the sand grains. 

2. It controls the moisture content. It is important that all sand 
particle surfaces be moistened. 

5. It eliminates foreign particles from the sand. 

4. It aerates the sand so that it is not packed and is in proper 
condition for molding. 

5. It delivers the sand at the proper temperature. 

Because conditioning by hand is difficult, appropriate equipment 
is provided in most foundries for this purpose. A mixer for pre¬ 
paring the sand, shown in Figure 6, consists of a circular pan in which 
is mounted a combination of plows and mullers driven by a vertical 
shaft. This arrangement gives a shoveling action to the sand, turn¬ 
ing it over on itself and lining it up in front of the mullers, which 
provide an intensive kneading and rubbing action. The result is a 
thorough distribution of the sand grains with the bonding material. 
After the sand is mixed, it is discharged through a door in the bottom 
of the pan. Both green sand and core sand may be prepared in this 
manner. 

A representative sand-reclamation and conditioning installation is 
shown in Figure 7. As the molds are shaken out at the ends of the 
roller conveyor line, the sand falls through a grate onto a belt con¬ 
veyor which is shown in the figure in phantom view. This conveyor 
^rries the used sand to a smaller belt conveyor equipped, with a 
magnetic separator. The sand is then dischaiged onto a bucket 
elevator, from which it goes through an enclosed revolving screen into 
the storage bin. It is delivered from this bin to one or more mullers, 
similar to the one shown in the previous figure, and conditioned for 
re-use. From here it is discharged to an overhead belt conveyor 
through an aerator which separates the sand grains and improves its 
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flowability for molding. The qrcle is complete when the sand is 
discharged into the several hoppers serving the molding stations. 

The advantages of such sand conditioning for all classes of 
foundries have been demonstrated many times. Some of these ad¬ 
vantages are economy of new sand and binder, close control, uni¬ 
formity of sand condition, and low cost in preparing the sand; 
likewise, all the sand, or a considerable portion of it,' is taken off 



Fig. 6. Seeflen view of Simpson intoniive minr for cendHioning foundry und. 
(Courfoty Notional Enginooring Compony.) 


the floor, releasing this space for molding and other facilities. Such 
a system greatly improves the general operating conditions of the 
foundry. The units with overhead sand storage have high produc¬ 
tion of uniform high-quality castings, hold closely to tolerances and 
weights with a minimum of defects, and reduce cleaning labor* to 
a minimum. The fact that all the sand in the system is mulled each 
time it is used, so that some is maintained virtually at facing grade, 
eliminates the preparation of special facing sands as such. It also is 
possible to reduce the number of grades of sand used for different 
types of work, one grade of sand ordinarily being adequate when 
properly reconditioned. 
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Sand TMting 

Periodic testa are necessary to determine the essential qualities 
of foundry sand. The properties change by contamination from 
foreign materials, by washing action in tempering, by the gradual 
change and distribution of grain size, and by continual subjection to 
high temperatures. Tests may be either chemical or mechanical; 
but aside from determining undesirable elements in the sand, the 
chemical tests are little used. Most mechanical tests are simple and 
do not require elaborate equipment. 

Tm# for moMoro confoot. Moisture content of foundry sands 
varies according to the type of molds being made and the kind of 
metal being poured. For a given condition there is a close range 
within which the moisture percentage should be held in order to 
prcKluce satisfactory results. Any system of sand control should 
include a periodic check on moisture content, and complete records 
should be kept for future.reference. 

7'he most accurate method of moisture determination in molding 
sand is to dry out the sand and to note weights before and after. 
The moisture teller shown in Figure 8 contains electric-heating 
units and a blower for forcing warm air through the filter pan con¬ 
taining the sand sample. Fifty grams of tempered sand, accurately 
weighed, is placed in the pan. The tiqier for the blower is set for 
the required time to dry the sand (approximately H minutes), and 
air at 235 F is blown over and through the sand. By weighing the 
sand after it is dried and noting the difference in the initial and 
final readings, the percentage of moisture can be determined. The 
moisture content should vary from 2 to 8%, depending on the type 
of molding being done. 

Pormoablllfy fott. One of the essential qualities of molding sand 
is sufficient porosity to permit the escape of ga.ses generated by the 
hot metal. This depends on several factors, including shape of sand 
grains, fineness, degree of packing, moisture content, and amount 
of binder present. Permeability is measured by the quantity of air 
that will pass throqgh a given sample of sand in a prescribed time 
and under standard conditions. A permeability meter, meeting 
AFA Standard Testing Specifications, is shown in Figure 9. Addi¬ 
tional pieces of equipment necessary for conducting the test are a 
sand rammer, a balance, and weights. 

The permeability meter consists of an aluminum casting in the 
form of a water tank and a base. Inside the tank floats a balanced 
air drum which is sealed at the bottom by the water. The air tube 




Fig* ^ Meistur* tellar for quick meitturo tosis of foundry sands. (Courtosy Harry W. 
Diotort Company.) 

extending down to the specimen opens into the air space of the drum. 
The sand specimen is placed in the small cup at the base and is sealed 
\^th mercury. In taking a permeability reading, the observer may 
calculate the permeability by obtaining the time in seconds required 
for 2000 cc of air to pass through the specimen at constant pressure 
and dividing it into 3007.2. However, if the unit is furnished with an 
electric timer unit and equipped with a direct-reading dial, per¬ 
meability values may be obtained by direct reading. 

Permeability values are actual volumes of air that the sand will 
pass for a given pressure and time. The manufacturer of this 
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equipment lists in Table 1 the pcnneability numbers that are satis¬ 
factory for various types of castings. 



Fig. 9. Dirtet-reading meUr for measuring green- end dry-AFA permeebllHy 
melding end core sands. (Courtesy Harry W. Dietert Company.) 


TABLE !• Permeability Numbers 


Castings Permeability Number 

Aluminum (light and medium) 8-15 

Brass (light) 8-12 

Brass (medium) 8- 20 

Cast iron (light) 15-65 

Cast iron (medium) 65-100 

Cast iron (heavy) 75-150 

Malleable iron (light) 20- 50 

Malleable iron (medium) 50-100 

Steel (lig^t) 100-150 

Steel (medium) 125-200 
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‘ Mold and earn hardnotn tost. The mold hardness tester shown 
in Figure 10 operates on the same principle as a 'Brinell hardness 
tester. 1 A spring-loaded (237 grams) steel ball 072 inch in diameter 

is pressed into the surface of the mold, 
and the depth of penetration is indi¬ 
cated on the dial in thousandths of an 
inch. The reading will not change, 
even with excessive pressure on the 
tester. Medium-rammed molds give a 
value around 50. Such a quick method 
of checking mold hardness is particu¬ 
larly useful in investigating mold uni- 
foimity and different machine settings. 
Mold hardness readings to be expected 
for the molding conditions listed are: 

Hg. 10. Mold-hardnais Soft-rammed molds 40 

for mouuring tho surfaeo hard- Medium-rammed molds 50 

nan of graon*tand molds. Hard-rammed molds 70 

(Courfosy Harry W. Diatorf 

Company.) Cfoy-cojifoiif toft. The equipment 

necessary for determining the percentage 
of clay in molding sands consists of a drying oven, a balance 
and weights, and a sand washer. A small quantity of sand is 
thoroughly dried out, and R sample of 50 grams is selected and 
placed in a wash bottle. To this sand is added 475 cc of distilled 
water and 25 cc of a 3% caustic soda solution. This mixture is 
then stirred 5 minutes in a rapid sand stirrer or 1 hour if a rotating 
sand washer is used. Sufficient water is then added to fill the bottle 
up to a level line marked on the bottle, and, after settling for about 
10 minutes, the lujuid is siphoned off. The bottle is then refilled 
twice more and the siphoning operation ref>eated, time being allowed 
for the sand to settle. The bottle is finally placed in the oven; and, 
after the sand is dried out, a sample is weighed. The percentage 
of clay is determined by the difference in the initial and final weights 
of the sample. 

*Flnonoi$ font. This test, to determine the percentage distribution 
of grain sizes in the sand, is performed on a dried-sand sample from 
which all clay substance has l^en removed. A set of standard testing 
sieves is used having U. S. Bureau of Standard meshes 6, 12, 20, 30, 
40, 50, 70, 100, 140, 200, and 270. These sieves are stacked and 

^Tha Brfnall test eomlih of indantfng ffia surface of a motal spaetmon with • lO^nm 
hardanad-stool ball by moaiw of a prodofarminod lead. 
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placed in one of the several tyj>es of motor-driven shakers. The sand 
is placed on the' coarsest sieve at the top; and, after 15 minutes of 
vibration, the wei^t of the sand retained on each sieve is obtained 
and converted to a percentage basis. 

To obtain the AFA fineness number, each percentage is multiplied 
by a factor as given in the following example. The fineness number 
is obtained by adding all the resulting products and dividing the 
total by the percentage of sand grain. 


Example of AFA Fineness Calculation 


Mesh 

Percent 

Retained 

Multiplier 

Product 

6 

0 

3 

0 

12 

0 

5 

0 

20 

0 

10 

0 

30 

2.0 

20 

40.0 

40 

2.5 

50 

75.0 

50 

S.O 

40 

120.0 

70 

6.0 

50 

300.0 

100 

20.0 

70 

1400.0 

HO 

32.0 

100 

3200.0 

200 

12.0 

140 

1680.0 

270 

9.0 

200 

1800.0 

Pan 

4.0 

300 

1200.0 

Totals 

9^ 

• 

9815.0 


Grain fineness number --=* 104 

90.5 

a 


This number is a useful means of comparing different sands for 
uses in the foundry. A fineness check of sands should be made every 
month. 

Seiicf-afreiigfh fesf. Several strength tests have been devised to 
test the holding power of various bonding materials in green and dry 
sand. Compression tests are the most common, although tension, 
shear, and transverse tests are sometimes used in strength investiga¬ 
tions. Procedure varies according to the type of equipment used, but, 
in general, the teks are similar to those used for other materiats. 
The fragile nature of sand requires special consideration in the 
handling and loading of test specimens. 

A universal sand-strength machine is shown in Figure 11. This 
machine, consisting of a frame, on which is mounted a pendulum 
weight and a pusher arm, is motor driven, although hand operation 
may be used if desired. In testing green strength under compression. 
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a cylindrical specimen of sand is placed between the pusher arm and 
the compression head of the pendulum weight The compression 
load is applied by the motor at the rate of 7.5 poihids per 15 seconds; 
Pressure is continued until the sf>ecimen fails, at which time the 
compression value (indicated by a small magnetic bar) is read 
directly on the curved scale. 



Fig. II. Universal land'Sfrangth machine. (Courtesy Harry W. Diatert Company.) 

The tests just described are the ones most commonly used in sand 
control. In addition to these, there are several others used to check 
various properties. New sand may be given a sintering test to 
determine whether or not it has a tendency to burn onto the metal 
at high temperatures. Chemical analysis is frequently necessary in 
order to check the composition of sand grains, since some elements 
greatly reduce the refractory qualities of the sand. Strength at high 
temperatures and expansion coefficients of different sands can be 
determined to check the action of the sand in contact with hot metal. 

Molding Modilnet 

Machines can eliminate much of the hard work of molding and at 
the same time produce better molds. Molding machines, varying 
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considerably in design and method of operation, are named according 
to the manner in which the ramming operation is performed. In 
Figure 12 the vai^ous principles used in packing a mold are illus¬ 
trated diagrammatic-ally. The shading indicates the density or 
uniformity of sand packing for each process involved. Machines 
utilizing these principles are listed below. 


Pottern 


Squeeze 
Head' 


Jolt 
Mechanism 



Impeller r«a 
Head— 


Flask 



T- 1 - n-r 

JOLT SQUEEZE SANOSLINGER 

Kg. 12. Maekin* molding principlos. 


Jolt mochtno. The plain jolt molding machine, shown in 
Figure 13, is equipped with adjustable flask-lifting pins to permit the 
use of flasks of various sizes within the capacity of the machine. In 
the operation of this machine the flask is raised a short distance by 
the machine table and then dropped. This sudden action causes the 
sand to be packed evenly about the pattern. The density of the sand 
is greatest around the pattern and al the parting line and varies 
according to the height of the drop or the depth of the sand in the 
flask. I'he uniform ramming about the pattern gives added strength 
to the molld and reduces the possibility of swells, scabs, or runouts. 
Castings produced under such conditions will not vary in size or 
weight. The lifting pins on the machine engage the flask and raise 
it from the match plate after the mold is complete. Jolt machines 
quite obviously can take care of only one part of a flask at a time 
and are especially adapted to large work. 

StiumoMor maehlno. Squeezer machines press the sand in the flask 
between the machine table and an overhead platen. Greatest mold 
density is obtained at the side of the mold from which the pressure 
is applied. Becau.se it is impossible to obtain uniform mold density 
by this method, squeezing machines are limited to molds only a few 
inches in thickness. 

Joff”Sqif0Gl0 fflocftific* Many machines, such as the one shown 
in Figure H, have used both the jolt and the squeeze principle. 
To produce a mold on this machine, the flask is assembled with 
the match plate between the cope and drag, and the assembly is 
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F 29 . 13. Plain jolt flaik lift-molding machine. (Courtesy The Tabor Manufacturing 
Company.) * 


placed upside down on the machine table. Sand is shoveled into the 
drag and leveled off, and a bottom board is placed on lop. The 
jolting action then rams the sand in the drag. The assembly is 
turned over and the cope filled with sand and leveled off. A pressure 
board is placed on top of the Bask, and the top platen of the machine 
is brought into position. By the application of pressure, the flask is 
squeezed between the platen and table, packing the sand in the 
cope to the proper density. After the pressure is released, the platen 
is swung out of the way. The cope is then lifted from the match 
plate while the plate is vibrated, after which the plate is removed 
frmn the drag. This machine eliminates six separate hand opera¬ 
tions: ramming, smoothing the parting surface, applying parting 
sand, swabbing around the patterns, rapping the pattern, and cutting 
the gate. 

Diaphragm maldlug machlaa. A recent development in mold¬ 
ing machines utilizes a pure gum rubber diaphragm for packing the 
sand over the pattern contour as illustrated in Figure 15. The 
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Rg. 14. Jolt squeozo molding moehino. ^ (Courtoty Spo, Incorporated.) 

process uses the same air pressure to lorce the rubber diaphragm 
over the entire surface of the pattern, regardless of the pattern con- 


Sond 


Diophrogm 
Pressure Head 


Diophrogm 


Flask Under Head 


Rg. IS. Contour-diaphragm molding machine. (Courtesy Taeeone Pneumatic Foundry 
Equipment Corporation.) 

tour. This procedure results in a mold of uniform hardriess 
throughout. 

In the figure the flask is shown at the filling position. The flask 
and sand chute are then moved to the right under the diaphragm 
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pres&ure head. Air is admitted to the pressure head and the dia¬ 
phragm is forced against the molding sand in the flask with equal 
pressure over the entire area. The flask is thin returned to its 
original position, striking off any sand above the flask. A pin lift 
removes the match plate from the flask. The entire process is very 
rapid, and close tolerances can be maintained due to the uniform 
packing of the sanfl. 

Sfrlpp«r-pfaf* machine. Some patterns are difficult to withdraw 
without cracking or otherwise damaging the mold. To eliminate this 
trouble, stripper-plate machines may be used. One type of this 
machine is identical with the pin-type stripping machine except that 
a stripper plate, having the same outline as the pattern, supports the 
sand in the flask during the drawing operation. When the pins rise, 
they contact the stripper plate, which is lifted with the mold. In 
some machines the mold remains stationary, and the patterns are 
lowered through the stripper plate. 

Jolf reffov*r pattern-draw machine. For large molds that 
are difficult to handle, machines (as shown in Figure 16) have been 
developed which roll the mold over and draw the pattern. The 
sand is first packed by jolting as shown in a of the figure. After 
the sand is leveled oil, a bottom board is placed on the mold and 
clamped in position; then the assembly is rolled over. Part b of the 
figure shows the match-plate pattern withdrawn from the mold. 
This machine is used for separate cope or drag molding; in most 
cases the cavity is in the drag only. 

Jalt-iqueeie reliever machine. This machine is similar to the 
conventional jolt-squeeze molding machine, but has two ^rms which 
engage the flask after jolting and lift it a sufficient height so that 
it may be rolled over. The cope is then filled with sand and rammed 
by squeezing action, after which it is clamped by the two air clamps 
on the upper platen and drawn from the match plate. This lifting 
device handles the cop>e while the match plate is manually removed 
from the drag. When the mold is ready to be closed, the cope is 
swung back into position and the drag raised until the mold halves 
are together. This machine is designed to handle larger flasks than 
c%n be conveniently handled on the usual jolt-squeeze machine. . 

Sandslinger, Uniform packing of the sand in molds is an 
important operation in the production of castings. To accomplish 
this operation in a satisfactory manner, particularly for large molds, 
a mechanical device known as the sandslinger has been developed. 
Figure 17 shows a motive-type sandslinger, which is a self-propelled 
unit operating on a narrow-gage track. The supply of sand is carried 



a FUsk and pattern in jolt position. 



b FaHam withdrawn Irem mold in rollevar position, 
lelt rellovar pattern draw maehiiio. (Courtosy Baardtiay A Kpar.) 
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Rg. 17. Motiv«>fyp* sandclingtr In operation. (Courtety The Beerdcley & Piper 
Company.) 


in a large tank of about 300 cubic feet capacity, which may be re¬ 
filled at intervals by overhead handling equipment. A delivery 
belt, feeding out of a hopper on the frame at the fixed end, conveys 
the sand to the rotating impeller head. The impeller head, which 
is enclosed, contains a single, rotating, cup-shaped part which slings 
th^ sand into the mold. I'his part, rotating at high speed, slings over 
a thousand small buckets of sand a minute. The ramming capacity 
of this machine is 7 to 10 cubic feet, or 1000 pounds of sand per 
minute. The density of the packing can be controlled by the speed 
of the impeller head. For high production, machines of this type 
are available, having a capacity of 4000 pounds of sand per minute. 

Similar machines can also be obtained either wih a tractor mount¬ 
ing or as a stationary unit. Tractor-type sandslingers travel along the 



CQJIES 


ti 


sand piled on the floor and are used in foundries having no 
auxiliary sand-handling equipment In addition to the ramming 
operation, these machines cut, riddle, and magnetically separate the 
sand from the scrap. The stationary machine is adapted to produc¬ 
tion work and must be served by sand preparation and conditioning 
equipment, as well as conveyors for removing the molds. Sand- 
slinger machines greatly increase foundry production and insure the 
uniform ramming of molds. 

Ceres 

When a casting is to have a cavity or recess in it, such as a hole for 
a bolt, some form of core must be introduced into the mold. A core 
is sometimes defined as “any projection of the sand into the mold.*’ 
This projection may be formed by the pattern itself or made else¬ 
where and introduced into the mold after the pattern is withdrawn. 
Either internal or external surfaces of a casting can be formed by 
a core. 

Types of eeres. Cores may be classified under two headings: 
greensand cores and dry-sand cores. Figure 18 shows various types 
of cores. Green-sand cores, as shown in Figure ISA, are those 
formed by the pattern itself and made from the same sand as the rest 
of the mold. This drawing shows how a flanged casting can be 
molded with the hole through the center "cored out" with green sand. 

Dry-sand cores are those formed separately to be inserted after the 
pattern is withdrawn but before the mold is closed. They are usually 
made of clear river sand, which is mixed with a binder and then 
baked to give the desired strength. The box in which they are* 
formed to proper shape is called a core box. 

Several types of dry-sand cores are also illustrated in Figure 18. At 
B is the usual arrangement for supporting a core when molding a 
cylindrical bushing. The projections on each end of the cylindrical 
pattern are known as core prints and form the seats which support 
and hold the core in place. A vertical core is shown at C, the upper 
end of which requires considerable taper so as not to tear the sand 
in the cope when the flask is assembled. Cores which have to be 
supported only at 6ne end must have the core print of sufficient* 
length to prevent the core from falling into the niold. Such a core, 
shown at D, is known as a balanced core. A core supported above 
and hanging into the mold is shown at £. This type usually requires 
a hole through the upper part to permit the metal to reach the mold. 
A drop core, shown at F, is required when hole is not in line with 
the parting surface and must be formed at a lower leveL 
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In general, green-sand cores should be used where possible to keep 
the pattern and casting cost to a minimum. Separate cores naturally 
increase the production cost. Core boxes must be made, and the 
cores must be formed separately, baked, and properly placed in the 



DRY SAND GORE “F^-DROP CORE 

Fig. 18. Vsrievt typ** of eeros ucod in eonnoction with pottorm. 

molds. All of this adds to the molding cost. However, more accu¬ 
rate holes can be made with dry-sand cores, for they give a better 
surface and are less likely to be washed away by the molten metal. 

In .setting dry-sand cores into molds, adequate supports must be 
provided. Ordinarily, these supports are formed into the mold by 
the pattern; but, for large or intricate cores, additional supports 
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in the form of chaplets (small m^tal shapes made of low-melting 
alloy) are placed ii^ the mold to give additional support to the core 
until the molten metal enters the mold and fuses the chaplets into 
the casting. The use of chaplets should be limited as much as 
possible because of the difficulty in securing proper fusion of the 
chaplet with the metal. 

ftsonflol fnaflflM for dry-eonrf eeros. A core must have suffi¬ 
cient strength to support itself. Naturally this .strength depends on 
the kind of sand and binding material used. Sharper grains of sand 
will bond together better and form a stronger core. 

Porosity or permeability is also important consideration in the 
making of com. As the hot metal pours over the cores, gases are 
generated by the heat’s being in contact with the binding material, 
and provision must be made to carry away these gases. The size of 
the sand grain and its freedom from fines in between the grains 
largely determine its permeability. In addition to the natural 
porosity of the sand, it is usually advisable to vent the core as well. 
This may be done with an ordinary vent wire or, where two pieces go 
together to make up a core, the vent may be scraped out with the 
sharp corner of a trowel. 

To insure a smooth casting, the core must have a smooth surface. 
This smoothness depends largely on the grain size of the sand, 
although the surface may be improved^ by coating the core with a 
thin mixture of water and plumbago. Jn the attempt to produce a 
smooth surface, care must be exercised not to go too far since 
permeability is lost as the fineness of the sand increases. 

All cores must have sufficient refractory property to resist the 
action of the heat until the hot metal has found its place in the 
mold. Because sand naturally is very refractory, a binder must be 
selected that will stand the temperature required of the core. A thin 
coating of graphite or similar material adds considerably to its 
ability to withsund the intense heat momentarily. It must be kept 
in mind that it is not desirable to have the core remain hard after 
the metal has cooled; the binding material used should disintegrate 
or be burned out by the prolonged contact with the hot metal so that 
the core may be i^moved easily from the finished casting. This il 
also important from the standpoint of preventing shrinkage cracks 
during cooling. 

. Cor* making. The first consideration in making dry-sand cores is 
to mix and prepare the land properly. If the binder is dry, it should 
be thoroughly mixed with the sand before any moisture is added. 
The mixture must be homogeneous so that the core will be of 
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uni£orm strength throughout. All ingredients should be measured 
out exactly, and care should be taken not to get the mixture too 
wet. Wet material sticks to the tools and a>re box, causes the cores 
to sag before they are baked, and tends to produce a hard core. 
Large foundries generally use some sort of mechanical mixer. 

The core is formed by being rammed into a core box or by the 
use of sweeps. Fragile and roedium*sized cores should be reinforced 
^ith wires to give added strength to withstand deflection and the 
floating action of the metal. In large cores perforated pipes or arbors 
are used. In addition to giving the core strength, they also serve 
as a large vent. 

When the cores are properly formed, they are placed on small 
metal plates which support them during the baking period. These 
plates are placed in the core oven and heated to a temperature rang¬ 
ing from 350 to 450 F, depending on the type of binder used. The 
actual process of baking consists of driving off the volatile matter and 
moisture that is in the core and then allowing sufficient time for the 
binder to become oxidized and hard. The color of the cores on 
emerging from the oven is a good index of their condition. The 
usual color for oil binders is a nut brown, whereas flour or similar 
binding materials produce a light brown. A burnt core is very dark 
and crumbles when handled. 

One of the most critical stages in core making is the fitting of the 
cores after baking since many mistakes can be corrected at this point. 
If made in two parts, the fitting consists of procuring the halves of a 
core, scraping or filing the contact surfaces so that a perfect fit is 
obtained, venting by cutting a trough in each half, and finally gluing 
them together. A graphite or silica wash can be applied to the sur¬ 
face of the core to improve surface smoothness and to add to its 
refractory property. After the drying process, cores should again be 
inspected to insure a proper fit into the mold. 

Bhid9r$ and cam mixFuret. Among several types of binders used 
in making cores are those classified as oil binders. One of these, 
linseed oil, is frequently used in the making of small cores. The oil 
forms a film around the sand grain, which hardens when oxidized by 
■ the action of the heat. Such cores should be baked for 2 hours at a 
temperature between 350 and 425 F. A common mixture uses 
40 parts of river sand and 1 part of linseed oil. A^ advantage of 
this core is that it does not absorb water readily and retains its 
strength in the mold for some time. A similar core oil having the 
following analysis has proved very successful: raw linseed oil, 42.5 to 
flu™ rosin, 27.5 to 30%, with the remainder, kerosene, water- 
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white and acid-free. The gum rosin is also used to prevent the 
thinned oil from graining to the bottom of the core on standing. 
About a pint of this oil is required for 100 pounds of core sand. 

In another group of binders, soluble in water, are found wheat 
flour, dextrin, gelatinized starch, and many commercial prepara¬ 
tions. The ratio of binder to sand in these mixtures is rather high, 
being 1 to 8 or more parts of sand. Frequently a small percentage 
of old sand is used in place of new sand. Such mixtures are all 
moistened with water to the proper dampness for working, a tempera¬ 
ture of about 350 F being sufficient to harden the cores. One mixture 
using wheat flour contains 1 part of flour, 6 parts of clean river sand, 
and 2 parts of molding sand. This should mixed thoroughly and 
wet with a thin clay wash after baking. Another cereal binder, 
obtained from the corn-products industry, contains about 90% starch 
and 6% glucose. It is available in powdered form and, when used in 
the same proportions as an oil binder, produces a weaker and softer 
core. 

In addition, pulverized pitch or rosin may be used. During the 
baking, these products melt and flow between the sand grains and, 
when cooled, form a very hard core. Both these binders melt at a 
temperature below 350 F. Such cores are not very refractory because 
of the rapid melting and consequent softening of the core when it 
comes in contact with the hot metal. 

Several types of thermosetting plastics, including urea and phenol 
formaldehyde, are being successfully used as core binders. Binders 
of this type are made in both the liquid and powder form and are 
mixed wim such other ingredients as silica fl.our, cereal binder, water, 
kerosene, and a parting liquid. Urea resin binders are baked at 
325 to 375 F; and the phenolic binders, at 400 to 450 F. Both 
respond to dielectric heating and are completely combustible under 
the heat of the metal. Their success as core binders is based on 
their high adhesive strength, moisture resistance, burnout character¬ 
istic, and ability to provide a smooth surface to the core. 

There are many other commercial binder pre|>arations, the anal¬ 
yses of which are difficult to obtain, but most of them contain one 
or more of the stfore-mentioned materials. No single binder can 
answer all the requirements in a diversified foundry. 

Ccr^^moklag mathlmt. Cores can be made not only in hand- 
filled boxes, but also on a variety of molding machines, including 
many of the conventional types such as the jolt, squeeze, rollover, 
jolt-squeeze, and sandslinger machines. Pneumatic core-blowing 
machines also offer a rapid means of producing small and medium- 
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sized cores in quantity production work. In this method sand is 
blown under pr^ure and at high velocity from (he machine hopper 
into the core box. A machine o£ this type, together with a unit for 
roiling over core box and drawing core, is shown in Figure 19. When 



R9. 19. Core-blowing macbino with core rollover end draw machine. (Ceurtasr 
Otbern Manufacturing Company.) 
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set up for use, the blowing machine has a sand hopper above it, 
not shown in figure, which feeds sand to the reservoir and blow 
plate beneath. 

In operation, the core box is placed on the table and clamped in 
position. The table and box are then raised, sealing the space 
between the blow plate and top of the core box. Compressed air, at 
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pressures ranging from 100 to 120 pounds per square indi (psi),, 
is introduced into the reservoir, forcing the sand through the small 
holes in the blow ^ate to the mold cavity. Suitable vents are built 
into the core box or blow plate to permit the air to escape. These 
vents must be small enough to resist any flow of sand through them, 
as their sole purpose is to relieve the air from the box. Their 
location plays an important part in successful core making, since they 
are used to direct the flow of sand to the desired parts of the core. 
A core box, filled in a few seconds, is then rolled from the machine 
onto the rollover draw machine. Here a drier plate is positioned and 
clamped over the core box. This assembly is then rolled over and 
the box automatically drawn from the core. During this operation, 
and while the operator places the drier plate with core on a rack, a 
second core can be made if a duplicate core box is available. 

The holes in the blow plate are countersunk and vary in size from 
inch to % inch in diameter. The larger holes are placed oppo¬ 
site the larger portions of the core; and the smaller ones, opposite 
small or restricted pockets that would not tend to fill from the main 
openings. Thus their size and position offer a means of controlling 
the flow of sand into the core-box cavities. No definite rule can be 
given concerning the number and size of holes, each installation 
being worked out in accordance with past expterience. 

Core boxes for this process should be made of metal. Cast iron, 
aluminum, and magnesium are the Ihetals most commonly used. 
For medium-sized and large boxes it is economical to use the lighter 
alloys. All boxes must fit properly to avoid excess air leakage at 
parting liites. In addition, the outer surfaces should be machined 
to fit squarely in the clamping fixture. 

Sand used in this process need not differ from that used in regular 
core making. It should, however, have good flowability and a 
minimum of moisture content. .Sharp silica sand which has been 
thoroughly cleaned is recommended. 

This typ>e of equipment is especially adapted to production work 
and is limited to applications where the expense of metal core boxes 
is justified. It is rapid in its operation, and the cores produced are 
true to form, with excellent permeability. 

Stock cores of uniform cross section may be produced continuousfy 
by an extrusion process. The machine consists of a hopper in which 
the sand is mixed. Below it in a horizontal position is a spiral screw 
conveyor which forces the prepared sand through a die tube at uni¬ 
form speed and pressure. These machines require little skill in their 
operation and have an output of about 10 feet of core per minute. 
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Cor* hakliig. The purpose of baking a core is to harden the 
organic binder mixed with the sand and thus give it strength. In the 
baking operation the moisture is first driven off;* then, as the tenl« 
perature is increased, the binder surrounding the sand grains is 
chemically changed from a liquid to a solid. Temperature control is 



FIf. 20. Colem«n drawar-iypa cor* ov*n. A. TrolUy or drawcr-pulUr. B. liifuUtad 
drawer front with lifting lugs. C. Flaea for eorai. 0. Roar plat# to elpta epanlng. 
f. Time indicator. F. Drawer roilart. G, Rails to carry drawer. (Courtesy TKe 
Foundry Equipment Company.) 

important, since overbaking causes loss in core strength and under- 
baking causes gases to be formed when the metal enters the mold. 

The choice of a core oven depends upon the core size, type of 
binder used, and the quantity involved. Core ovens may be classi¬ 
fied either as to their general design or as to the type of fuel used. 
From the design point of view, there are the shelK drawer, rack, 
cay, and continuous types. The last type may be further subdivided 
into vertical and horizontal arrangements. Gas has proved to be an 
excellent fuel because it is clean, easily controlled, and low in cost. 
An objection to its use is that it gives o£ some moisture. Other 
fuels, such as oil, coal, coke, and electric power, are all used and 
prove satisfactory under certain conditions. Dielectric heating, the 
placing of cores between electrodes charged with high-frequency 
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current, has a limited use in the baking of cores with plastic binders. 

The shelf’type oven is the simplest design. Cores are placed on 
core plates, which in turn are placed on the oven shelves. Tempera¬ 
ture control is difhcult, because much heat is lost each time the 
door is opened. The drawer type, as shown in Figure 20, is a better 
arrangement for conserving heat, as only one drawer is opened at a 
time during loading and unloading periods. Both kinds are used 
for small and medium-sued cores. The rack-type oven is similar 
except that the rack on which the cores are placed is portable. It 
may be conveniently loaded, adjacent to the coremaker’s bench, and 
moved about with hand-lift trucks. This arrangement permits easy 
loading of the racks and saves much walking between the work 
station and oven. For very large cores and molds the car-type oven 
is best. Work of this type is placed on the cars by hoists and cranes, 
and the car is rolled into the oven. 

Continuous ovens are those in which the cores are placed on some 
sort of a conveyor that moves them slowly through the ovens. I'hey 
are especially adapted to drying out cores of approximately the same 
size since the time through the oven is constant for a given run. 
Loading and unloading is a continuous operation, and high produc¬ 
tion can be obtained from these furnaces. Vertical ovens of this type 
are widely used since they conserve floor space. A suspended tray- 
type elevator which holds the tray in a horizontal position at all times 
is the usual means of conveying the coses. Single-strand, horizontal 
designs are very flexible in that the overhead chain carrying the racks 
can be installed to pass the coremakers’ benches, and it is not 
restricted to movements in either the horizontal or the vertical 
direction. 


REVIEW QUESTIONS 


1. What materials may be used for molds? 

2. How do zircon and olivine sand differ from silica sand? 

3. Under what conditions are snap flasks used? 

4. List the hand tools of a molder, and give a brief description of each. 

I. What are the various processes used in making molds? 

4. How are skin-dried molds made, and for what type of work ate they usedf 
7. What are the essential qualities of a good molding sand? 
i. Briefly describe how a simple gear blank would be molded, 
f. Show by sketch how a skimming gate is constructed, 
li. Why are risen used on some molds? 

II. Explain how pressure feeding of metal to the casting is obtained by the use 
of blind risers. 
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12. What is the usual procedure followed in a representative sand-reclamation* 
and-conditioning installation? 

13< Describe the procedure for determining moisture and clay contents ol mold¬ 
ing sand. 

14. How is the permeability of molding sand measured? 

15. What factors must be considered in designing the gating system for a mold? 
14. What are the various types of machines used for packing sand into molds? 
17. Describe the operation of a jolt-squeeze molding machine. 

If, What is a stripper-plate machine, and why is it used? 

19 . What is a sandslinger, and how does it operate? 

20. What re.sult.s are accomplished by properly conditioning the sand? 

21. Name and sketch five kinds of cores. 

22. What arc the qualities that a dry-sand core should possess? 

23. What type of plastics arc used for core binders? 

24. List and briefly describe the different types of core ovens. 
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PATTERNS 
FOR CASTINGS 


The first step in making a casting is to prepare a model, known as 
a pattern, which differs in a number of respects from the resulting 
casting, xfiese differences, known as pattern allowances, compensate 
for metal shrinkage, provide sufficient metal for machined surfaces, 
and facilitate molding. A thorough understanding of these allow* 
ances is necessary for successful pattern design and construction. 

Most patterns are made of wood because of its cheapness and 
ability to be worked easily; and since only a small percentage of 
patterns go into quantity production work, the majority do not 
need to be made of material that will stand hard usage in the 
foundry. Where durability and strength are required, patterns are 
made from metal, usually aluminum alloy, brass, or magnesium alloy.* 
In large work, steel or cast-iron patterns jnay be preferred. A wooden 
master pattern must first be made from which the metal pattern is 
cast.' 

Before a pattern is made, the pattern maker must visualize from 
the blueprint what the casting will look like when completed and 
how it can best be molded. This preliminary estimate is important, 
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since the molding expense in the foundry depends to a great extent 
on. proper pattern construction. After the molding procedure and 
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the general form the pattern will take have been decided upon, a 
layout ci the pattern as it will be built is made. Such layouts are, 
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in general, reproductions of the detail on the drawings submitted, 
laid out to full'^iize scale. 

TypM Paff^ms 

In Figure 1 are shown seven types of pattern constiuction. The 
simplest form is the solid or single-piece patteni shown at A. Many 
patterns cannot be made in a single piece because of the difficulties 
encountered in molding them. To eliminate this difficulty, some 
patterns are made in two parts, as shown in the figure at B, so that 
half of the pattern will rest in the lower part of the mold and half in 
the upper part. The split in the pattern occurs at tlie parting line of 
the mold. At C is shown a patteni with two loose pieces which are 
necessary to facilitate withdrawing it from the mold. The method of 
constructing this pattern is discussed later in connection with 
Figure 2. In prdduction work where many castings are required, 
gatej^ patterns, as shown in D, may be used. Such patterns are made 
of metal to give them strength and to eliminate any warping tend¬ 
ency. The gates or runners for the molten metal are formed by the 
connecting parts between the individual patterns. Match plat^ 
provide a substantial mounting for patterns and are widely used with 
machine molding. At E is shown such a plate, upon which are 
mounted the patterns for two small dumbbells. It consists of a flat 
metal or wooden plate, to which the patterns and gate are perma¬ 
nently fastened. On either end of such*plates are holes to fit onto a 
standard flask. The follow hoard, which is shown at F, may be used 
w'ith either single- or multiple-gated patterns. Patterns requiring fol¬ 
low boards *are usually somewhat difficult to make as a split pattern. 
The board is routed out so that the pattern rests in it up to the 
parting line, and this board then acts as a molding board for the 
first molding operation. Many molds of regular shape may be con¬ 
structed by the use of swe^ patterns as illustrated at G in the figure. 
The curved sweep might be used to form part of the mold for a 
large cast-iron kettle and the straight sweep, for any type of groove 
or ridge. The principal advantage of this pattern is that it eliminates 
expensive pattern construction. 

The pattern to fie made for a given part depends laigely on the 
judgment and experience of the pattern maker and is governed by 
the pattern cost and the number of castings to be made. When only 
a few castings are to be made, it is quite obvious that the pattern 
should be €x>nstructed in the cheap>est manner possible. A single 
pattern, of wood construction, would best serve the purpose. Single 
wood patterns may also be used with economy in the production of 
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large castings. Wood is a light material, and the pattern is easy to 
handle. Large castings are usually cast singly in a mold, and a 
multiple or gated pattern would only increase iholdii^ and casting 
difficulties. In large castings having a uniform symmetrical section 
there is a distinct saving in pattern cc^t if the sweep or skeleton 
type of pattern can be used. Practically all high-production work 
on molding machines uses the match-plate pattern. Aside from the 
fact that several castings may be molded simultaneously with the 
pattern of this type, there are also numerous savings effected by the 
machine molding. Although expensive to make, sudi patterns will 
last a long time under severe use. 

Allowoneos 

In pattern work one sometimes asks why a finished gear blank 
or any other object could not be used for making iholds without the 
trouble and expense of making a pattern. In some cases they might 
be used, but, in general, this procedure is not practical. 

Slirfiikaf*. When any metal cools, it naturally shrinks in size. 
Hence, if the object or model itself were used for the pattern, the 
resulting casting would be slightly smaller than desired. To com¬ 
pensate for this possibility, a shrink rule must be used in laying out 
the measurements for the pattern. A shrink rule for cast iron is % 
inch longer per foot than a standard rule, the avera^ shrinkage 
for cast iron. If the gear blank was planned to have an outside 
diameter of 6 inches when finished, the shrink rule in measuring it 
6 inches would actually make it inches in diameter, thus com¬ 
pensating for the shrinkage. The shrinkage for brass vaHes with its 
composition but is usually close to ^0 inch per foot. For steel the 
shrinkage is % inch per foot, and for aluminum and ma^esium, 
^2 . per foot. These shrinkage allowance figures are only 

approximate and vary slightly, depending on the casting design, 
section thickness, and metal analysis. 

When metal pattern s are to be cast fro m original pattmis, double 
shrinlca^ must be allowed. For example, if the metal pattern is to 
be made of aluminum and the resulting castings of cast iron, the 
shrinkage on the original wood pattern would have to be inch 
plus Yg, or %2 inch per foot. ^ 

Drof#. 'When a pattern is drawn from a mold, the tendency to 
tear away the edges of the mold in contact with die pattern is greatly 
decreased if the surfaces of the pattern, parallel to the direction it ii 
being withdrawn, are given a slight taper. This tapering of thti sidta 
of the pattern, known as draft, is done to provide a slight riearance 
for the pattern as it is lifted up, ; , , 



49 


mbiHoo of constkuctino a souo pahekn 

The amount of draft on exteridr surfaces is about ^ to ^ inch 
per foot. On interior holes which are fairly small the draft should 
be around % inch per foot. These figures are influenced consider¬ 
ably by the size of the pattern and the method to be used in molding 
it. In allowing for draft, the usual practice is to add it to the pattern; 
that is, the top dimensions would ^ slightly larger than they would 
be if no draft were allowed. 

Fliihk, When a draftsman draws up the details of a part to be 
made, each surface to be machined is indicated by a finish mark. 
This mark indicates to the pattern maker that additional metal must 
be provided at this point so that there will be some metal to machine. 
Surfaces of parts that have to be machined must be made thicker. 
The amount that is to be added to the pattern depends on the size 
and shape of the casting, but, in general, the allowance for small 
and average-sized castings is % inch. When patterns are several 
feet long, this allowance must ^ increased because of the tendency 
of castings to warp in cooling. It must be kept in mind that the 
term “finish” does not in any way apply to the sanding or finishing 
of the pattern itself. 

Oiifotrffon* This allowance applies only to those castings of 
irregular shape which are distorted in the process of cooling as a 
result of metal shrinkage. A casting in the form of a letter U will 
contract at the closed end on cooling,, while the open end will be 
held by the sand in fixed position. Hence, the legs of the U pattern 
should converge slightly so that, when the casting is made, the sides 
will be parallel. Such an allowance depends on the judgment and 
experience of the pattern maker, who k.nows the shrinkage charac¬ 
teristics of the metal. 

Sfiolw. When a pattern is rapped in the mold before it is with¬ 
drawn, the cavity in the mold is slightly increased. In an average- 
sized casting, this increase in the size can be ignored. In large 
castings or in ones that must fit together without machining, how¬ 
ever, shake allowance should be considered by making the pattern 
slightly smaller to compensate for the rapping of the mold. 

Method of CoMtnictlog o SolM Fottoro 

The details of a cast-iron V block are shown in Figure 2A, The 
first step in constructing this pattern is to make a layout of the part, 
taking into account the various allowances. Such a layout is shown 
in part B of the figure, where the end view is drawn first, using a 
shrink rule. As the detail calls for “finish” aU over, an additional 
amount of metal must be provided which is shown by the second 



80 


PATTERNS FOR CASTINGS 


outline of the V block on the layout. In providing for the draft, 
consideration must be given to the method of molding the pattern. 
A slight tape, as shown at D, is provided on all vertical surfaces 




of the pattern to facilitate its removal from the sand. The final 
outline on the layout board represents the actual size and shape 
which is used for constructing the pattern. 

The method of constructing the V-block pattern is diown at C. 
The three parts are nailed and glued together, smd sharp inte]Hy:» 
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coraei^ are filleted to elinakinate the tendency for metal shrinkage 
cracks to develop., 

^PpMnra Coaafnieffoa Details 

Flllots. A fillet is a concave connecting surface or the rounding 
out of a corner at two intersecting planes. In all castings sharp 
corners should be avoided Rounded corners and fillets assist 
materially in molding, since there is less tendency for the sand to 
break out when the pattern is drawn. The metal flows into the 
mold more easily, and there is less danger of sand washing into the 
mold. The appearance of the casting is improved, and it is generally 
stronger, having fewer internal or shrinkage strains. 

A casting in a mold cools on the outside first. As the cooling 
prepresses to the center, the grains of the metal arrange themselves 
normal to the surface in a dendritic structure. In patterns that have 
sharp corners there is a tendency for the metal at the corners to open 
up because of shrinkage. In patterns with rounded corners this 
tendency is eliminated, and a sound casting is the result. 

Fillets are made of wood, leather, metal, or wax. In lathe work 
the fillets can usually be taken care of in the turning. Wood 
fillets may abo be used in other shapes; but, if they are made 
with a feather edge, they are quite fragile. For irregular shapes 
and patterns which are to be subject* to considerable use, leather 
fillets have been found to be very satisfactory. They are cut to 
the desired length, laid face down on a flat surface, and brushed 
over with plue. lliey are then put on the pattern and rubbed 
into pla<«, a fillet tool of the proper curvature being used. Wax 
fillets, in striftt which have been extruded to proper shape, are 
often used on small work, because they are cheap and easy to apply. 
A strip is laid in a corner and formed into place by means of a fillet 
tool, the end of which has previously been heated. This heat melts 
the wax and forms it to the curve of the tool being used. 

Socfleii #fiieftaMS. So far as service and design factors permit, all 
sections should be as uniform as possible. When light sections must 
be adjacent to he^vy sections, the transition should be ^ gradual as 
possible since abrupt changes in thickness always result in straiiTs 
which are likely to cause cracks in the casting. Solidification should 
normally progress from the points farthest from where the metal 
enters the gate and risers, and should be as uniform as possible. 

Soadlog oarf sfiaffockiiif potforM. Because the best possible 
finish is d^red on a casting, it is important that the pattern itself 
be carefully finished so as to produce a smooth mold. No special 
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allowance is made for the sanding that is required prior to shellack¬ 
ing or varnishing. All that is necessary is to reqiove the tool marks 
and other slight irregularities on the wood surface. The sanding 
operation should always be the last. No tool work should be done 
later, because the cutting edge would be spoiled by the small particles 
of sand imbedded in the wood; 

Shellac seems to be the best material for finishing patterns. It 
fills the pores of the wood, gives a smooth finish, and leaves a surface 
that is impervious to moisture. - Three coats are usually required 
to give a good surface. 

colors. Many foundries have a color scheme of their 
own for indicating the kind of metal to be cast, core prints, and the 
like. The following color scheme for ail foundry patterns and core 
boxes of wood construction is recommended by the American 
Standards Association and is in general use: 

1. Surfaces to be left unfinished are to be painted black. 

2. Surfaces to be machined are to be painted red. 

3. Seats of and for loose pieces are to be marked by red,stripes 
on a yellow background. 

4. G^re prints and seats for loose core prints are to be painted 
yellow. 

5. Stop-offs 1 are to be indicated by diagonal black stripes on a 
yellow base. 

Material Usad for Pattorns 

Wood. Although patterns are made from a variety of woods, 
white pine is a favorite because it is straight grained, light, and 
easy to work, and has little tendency to warp or check. When a 
more durable wood is necessary for fragile patterns or hard use, 
mahogany is preferred. Other woods suitable for patterns are 
cherry, beech, poplar, basswood, and maple, the last being especially 
desirable for work on the lathe. Lumber from mature trees is best 
for pattern work because the structure is more compact and less 
susceptible to shrinkage. 

* Before lumber can be used commercially, it must be dried or 
seasoned. This may be done by either natural or artificial means. 
Frequently both methods are used, the lumber being air-seasoned for 
a period of time and then kiln-dried. Kiln drying, which requires 
only a short time, reduces the moisture to a minimum, drives off 

^ A ifep-«P is • r*inf«rein 9 portion of o pottom. it indleotos tiiot tfw eovity fo iiw f4 
by tliot portion of tho pnttom is to bo fillod wHb sond or a eoro. 
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volatile, matter in the wood, hardens the resin, and, to some extent, 
mikes the wood less susceptible to future absorj^on of moisture. 
‘a minu num m oisture content in wood is an advantage in pattern 
wdrETb^use the wood is in better condition for taking glue and 
shellac, and is less likely to change in shape.^ 

Mefef. Many of the patternVuse'dTn production work are made 
of metal because of its ability to withstand hard use. Furthermore 
metal patterns do not change their shape when subjected to moist 
ccHiditions and require a minimum of maintenance work to keep 
them in operating condition. Where limited production is desired, 
metal ^ patterns are sometimes assembled on gates. The m<Mt im> 
portant application of metal for pattern use is the making of pro* 
duction match plates. Small metal patterns are either mounted on 
or cast integrally with the plate. 

Metals used for patterns include brass, white metal, cast iron, and 
aluminum. Aluminum is probably the best all*round metal because 
it is easy to work, light in weight, and resbtant to corrosion. Pattern 
shops making principally metal patterns must of necessity tise 
standard metal-working machines, described in later chapten. 

Plosfies. j Plastics are especially well adapted for pattern materials 
because they^db not absorb moisture, are strong and dimensionally 
stable, and have a very smooth surface. They can be produced eco¬ 
nomically by casting in a fashion similar to metal casting. Duplicate 
patterns can be made quickly, and the process of finishing them is 
rapid. Wood-working to 9 ils are used, and no protective coating is 
necessary on the pattern. \ 

In the process oTmaking a plastic pattern it is necessary first to 
make a master pattern which forms the mold into which the plastic 
resin is poured. These molds may be made of a variety of materials, 
including wood, rubber, plastics, metal, or plaster of Paris, .the last 
two . being the t)ne$ most commonly used. Plaster, although some¬ 
what fragile, is simple to prepare. To facilitate parting, the mold 
should be coated with acid-resisting paint, followed by a light coating 
of wax. Upon completion, a phenol formaldehyde-type casting resin 
is poured into the mold. 2 It is then necessary to bake the mold at a 
temperature of about 140 F in order to cure and harden the resin. * 

The process* employed in making the plastic match plate shown 
in Figure 3 is somewhat different in that a bismuth-lead alloy (melt- 
ii^ point 158 F) is sprayed onto the master pattern so as to form a 

*C. R. Simmom, "Uqvidl NMOoile RMim (or CosHng," Amthmn feomfiyoieo, 

»W7. 

JL McAloo, "MoUne PlotKe Podonu," Amoricm Fwintfryamii, July 1947. 



84 PAtliBMS foil CAi/lllim 

rigid shell mold about % inch thick. After both dfidll halves ait 
complete, they are assembled in the flask and hel^ in place either by 
ramming sand behind them or using plaster of Paris. After it has 

been coated with a parting 
agent and necessary gates and 
risers provided, the mold is 
ready for casting the phenolic 
resins. If a match plate is de* 
sired, it is placed between the 
cope and drag with holes pro¬ 
vided so the resins can flow 
through the plate as well as 
anchor the patterns to the plate. 

Pfoifcr. Gypsum cements 
are now available for patterns 
and core boxes. They have a 
high compressive strength and 
can be readily worked with 
wood tools. The cement is a 
high-expansion setting type and 
can be controlled to have set¬ 
ting expansions up to 0.02 inch 
per inch; thus the shrinkage 
allowance of the metal can be provided for by this expansion. 
When the cement is mixed with water, it forms a plastic mass 
capable of being cast into a mold or formed to shape by sweeps or 
by template. 

Wox or inorevry. Both these pattern materials, used for pre¬ 
cision castings, are described in Chapter 5, Special Casting 
Methods.*’ 

Tools Usod In Pottom Work 

Although much of the work in making patterns is done with 
machine tools, skill in the use of hand tools is an essentia] accom¬ 
plishment for a pattern maker. Most patterns of medium and large 
size are built up from small pieces of wood, necessitating consid^ 
able fitting and assembly work. In general, it can be stated that 
pattern work requires more skill and accuracy in the use of hand 
tools than other types of woodwork. 

Indispensable also to the pattern maker are a number of machiue 
tools wMdi are great time saven and especially valuable in pxepariiig 



Fi«. 3. Plattie match plate. (Courtesy 
E. J. h^cAfaa, Pugot Sound Naval Shipyard.) 
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stock and working large patterns. * Chief among these are the band 
saw, circular saw, ^nder,- jointer, planer, wo^ milling machine, 
combination tool finder, and wood lathe. Care in the operation 
of all such equipment must be exercised because of the high speed 
involved* 

Worlialilitty Woods 

The workability of wood depends upon such characteristics as 
specific gravity (hardness), moisture content, and the directional 
arrangement of the grains. It is difficult to rate one wood over an* 
other as far as machinability is concerned since the type of opera* 
tion has considerable influence on the quality of the work. A wood 
excellent for turning may not be very good for planing. The mois¬ 
ture content is probably the most important factor to control; low 
moisture content (around 6%) results in better machining than a high 
moisture content. 

The cutting speeds and feeds for the different woods, as well as 
the cutting angle of the tools, are also affected by these characteristics. 
In general the cutting speed of wood-working machines ranges from 
4000 to 10,000 fpm. Since most wood-working machine cutters 
operate at a fixed speed, there is no opportunity for changing cutting 
speeds other than by changing cutter diameters. The amount of 
material removed and the finish are governed entirely by the feed 


TABLE 2. Wood Cuffing Spoods and Foods 


Machine 


Spindle Speed or 

Cutting Speed Range of Feed 


Planen 
Jointers 
Lathes 
Boren 
Band saws 
Circular saws 

(9 to 18 in. diameter) 


3600-7200 rpm 
3600-5400 rpm 
Up to 4000 rpm 
1200-3600 rpm 
4000-9000 fpm 
2000-3600 rpm 


20-90 fpm 
Hand 

Hand or automatic 
2-^5 strokes per minute 
50-225 fpm 
50-300 fpm 


and the depth of the cut Cutting angles used in wood machining* 
range from 5 to 30 degrees; most cutting angles, however, fall in the 
range of 15 to 25 degrees. There is little relation between wood 
hardness and the cutting angle used. 

Cutting speeds and feeds for various wood-working machines are 
shown in Table 2. 
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“A’^GAST IRON GEAR BLANK SoUK Petfrn 



"B’^meTHOD OF HOLDtNB ’‘C'HltOUNTINO BLANK ON FACE 

STOCK ON FACE PLATE PLATE FOR LAST OPERATION 



*“1^-METHOD OF MAKING AND MOLDING A SOLID 
PATTERN GEAR BLANK 

Fig. 4. Cemfriietloii and imthed of melding peHem for leild geer blank. 

Comfraetioii of Typical PoHarm 

Solid gear pattern. Assume that a pattern for the gear blank 
shown in Figure 4 is to be turned. A face plate, as shown at B, 
is used for a pattern of this size. The pattern stock should be ctit 
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out slightly larger than the finUhed diameter on a band saw, and 
should be smootl)^ off, on one side, on the sander. The work 
should then be screwed to the wood iace plate by one or mmre 
screws. With this mounting, most of the outside diameter and one 
side Citn be finished. A template should be provided to check the 
size of the recess in the pattern. 

After this much of the pattern is made, it should be removed from 
the face plate. The face plate should then be recessed, as shown at 
Cf so that the finished diameter of the gear blank fits in closely. This 
insures that the pattern will be fastened perfectly true, and con¬ 
centric with the previous turning. The gear blank may now be 
completed in the same manner as the first half. The method of 
molding the gear blank in the foundry is shown at D. 

Puffwmt with fooM piecM. In some cases patterns have to be 
made with projections or overhanging parts so that it is impossible 
to remove them from the sand, even though they are parted. In 
such patterns the projections have to be fastened loosely to the main 
pattern by means of wooden or wire dowel pins. When the mold 
is being made, such loose pieces remain in the mold until after the 
pattern is withdrawn and are then drawn out separately through 
the cavity formed by the main pattern. 

The use of loose pieces is illustrated in the pattern for a gib 
casting which fits over a dovetailed sli|^e, a detail of which is shown 
in Figure 5. 

In beginning this pattern it is necessary first to make a layout, 
with all allowances for draft, finish, and shrinkage. Next it should 
be decided how the pattern is to be molded. Two methods are pos¬ 
sible, as illustrated at D and E of the figure. In the first method 
two loose pieces facilitate (he withdrawal of the pattern from the 
sand. The main pattern is first withdrawn, leaving the two loose 
pieces in the^sand. These pieces may then be withdrawn from Uie 
sand, owing to the additional space occupied by the main part of the 
pattern. The pattern constructed in this manner is made up of five 
pieces, as shown in the figure at B. 

The loose pieces may be eliminated by using a dry-sand core. If 
such construction is desired, the pattern would then be made as 
shown at C. In addition, a core box would be necessary. This latter 
method is less economical because of the expense involved in making 
the core box and core. 

Poffara aad eora b»M for faekaeraw hasa. The detail for a 
jacluucrew base is shown in Figure 6A. Such a pattern requires a 
rather long core print in order to balance and hold the dryland 
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core in place. A layout is first made to plan for the various allow¬ 
ances and to provide a working detail for the pattern and core box. 
The completed pattern is illustrated at B. The body of the pattern 
is made up of two pieces of stock assembled as shown at C. Dowel 
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"if'MeTHQD OF mOLUm with 
Loose Pieces 


'^e’^meTHoo of holdinb usm 
DRY SAND cone 


Rg. S. Altcmat* mstliodi of making gib-blo«k pattarm. 


pins are located and drilled before the turning starts. At the com¬ 
pletion of the turning, the two ends held by corrugated fasteners are 
sawed off and the necessary draft sanded on the ends of the pattern. 

The core box, shown at D and £, is designed to mold half the 
core at a time. After being baked, the halves are assembled^ ai^ 
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glued together. They are then i«^dy for use in a mold. The two 
blocks which make up the main part of the box must have square 
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PREPARATION OF STOCK BEFORE TURMINB 
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R9. 6. Conttnietion of poHorn for ioekerow boi*. 


sides and be carefully laid out as shown in the figure. The layout 
lines on each block represent the outline o£ the wood that is to be 
cut out When this is done» the two blocks are assembled on a 
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bottom board, and draft is provided at each end of the box by sand¬ 
ing. Any comer that becomes an inside cmner in the casting should 
be filleted. The box is completed when both en^ pieces are put on. 


ftfiVIIW QUESTIONS 


1. Why should a finished casting not be used as a pattern in making a mold? 

2. Why are some patterns made in two parts? 

3. What is a match plate, and for what type of work is it used? 

4. What is the purpose of a follow board? 

1. List and define the various allowances that must be considered in making a 
pattern. 

4. How does a shrink rule differ from a standard rule? 

7. What is meant by draft as applied to pattern work? Must all surfaces on a 
pattern have draft? 

t. Why should fillets be used at connecting surfaces of a pattern? 

9. Upon what characteristics does the workability of wood depend? 

10. What is the accepted color scheme for use on wood patterns? 

11. Why is wood seasoned, and how is It done? 

12. How are plastic patterns made? 

13. List the various materials used for making patterns. 

14. List the essential wood-working machines for a pattern shop. 

10. Briefly describe how a solid gear blank pattern is made. 

10. Why are some patterns made with loose pieces? 
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The principal raw material for all ferrous products is pig iron, the 
product of the blast furnace. Pig iron is obtained by smelting iron 
ore with coke and limestone, the final analysis depending primarily 
on the kind of ore used. The principal iron ores used in the pro¬ 
duction of pig iron are listed in Table S. 


TABLE 3. Iron Ores 

% Metallic 


Name 

Symbol 

Color 

Iron 

Hematite 

Fe208 

Red 

70 

Magnetite 


Black 

72.4 

Siderite 

FcCOs 

Brown 

48.S 

Limonite 

FeaOsXfHaO) 

Brown 

60-65 


Location 


Lake Superior District 
N. Y., Ala.. Sweden 
N. Y.. Ohio, Germany. England 
Eastern U. $.. Tex.. Mo., Colo., 
France 


The metallic contents listed are those of pure ores. Most ore, 
however, contains impurities, and the metallic content is much less. 
Hematite is by far the most important ore used in the United States. 
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Vast quantities of iVon pyrite (FeS 2 ) are available but are not used 
because of the sulfur content, which must be eliminated by an 
additional roasting process. * 

Was# Nraoee 

Figure 1 is a diagrammatic view of a blast furnace for produ^g 
pig iron. The average blast furnace is about 20 feet in diameter 
and around 100 feet in height. Daily capacities of such fiimaces 
range from 600 to 1000 tons of pig iron per 24 hours. The raw 
materials~ore, coke, and limestone—are brought to the top of the 
furnace with a skip hoist and dumped into the double-valve hopper. 
The hot blast of air enters the furnace through tuyires placed around 
the furnace just above the hearth. As the coke bums, the ore is 
reduced by contact with the hot carbon monoxide gas. The lime¬ 
stone added with the charge combines with the gangue materials of 
the ore to render it into a fluid slag. Slag floats over the molten 
iron and is withdrawn at frequent periods; the iron is tapped at 
intervals of 4 to 6 hours. In addition to the equipment shown in 
the figure, there are three or four stoves—large cylindrical towers 
for preheating the air blown into the furnace. These stoves are 
heat^ by gas taken from the top of the blast furnace and passed 
through suitable cleaners to remove ashes. The remainder of the 
gas is washed and used for generating power and as fuel in other 
furnaces in the plant. 

By regulation of operation conditions and proper selection of ore 
mixtures, the composition of the pig iron can be controlled. Com¬ 
mon grades of pig iron produced in the United States are shown in 
Table 4. 


TABLE 4. Classification of Piq Iron 


Grade of Iron Silicon 


No. 1 Foundry 2.5 -3.0 

No. 2 Foundry 2.0 -2.5 

No. 3 Foundry 1.5 -2.0 

Afalleable 0.75-1.5 

* Bessemer 1.0 -2.0 

Basic Under 1.0 


Sulfur Phosphorus Manganese 


Under 0.035 
Under 0.045 
Under 0.055 
Under 0.050 
Under 0.050 
Under 0.050 


0.05-1.0 
0.05-1.0 
0.05-1.0 
Under 0.2 
Under 0.1 
Under 1.0 


Under 1.0 
Under 1.0 
Under 1.0 
Under 1.0 
Under i.O 
Under 1.0 


Ruiulufl Proeust 

As the pig iron comes from the blast furnace, some of it is poured 
into large hot-metal cars, with an approximate capacity of 100 tons, 
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and transferred to steel-refining furnaces as indicated in Figure 2. 
Since much of it is to be used in remelting processes for the produc¬ 
tion of castings, it is *cast into convenient sizes (around 100 pounds) 
on a pig casting machine. Whether remelting or refining, the opera¬ 
tion is principally one of controlling or partially eliminating the 
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Pig. 2. Principal proccuM used for romoiting or refining pig iron. 


undesirable elements in the pig iron. In some cases more than 
one process is used to obtain the final product. The principal differ¬ 
ence between cast iron, steel, and wrought iron is the carbon content. 
The approximate carbon limits for each are: 

Cast iron C > 2.0% 

Steel C < 2.0%, but > 0.1% 

Wrought iron C < 0.1% 


C«st Iron 

Cast iron is a general term applied to a wide range of iron-carbon- 
silicon alloys in combination with smaller percentages of several 
other elements. It is an iron containing so much carbon, or its 
equivalent, that it is not malleable. Quite obviously, cast iron has a 
wide range of properties, since small percentage variations of its ele¬ 
ments may cause considerable diange. Cast iron should not be 
thought of as a metal jx»ntaining a single element, but rather as one 
having in its composition at least six elements. All cast irons con¬ 
tain iron, carbon, silicon, manganese, phosphorus, and sulfur. Alloy 
cast iron has still other elements which should not be thought of 
as impurities, for they all have important effects on the physical 
properties. Pure iron, known as femte, is very soft and has few uses 
in industrial work. All (tesirable properties, such as strei^jth. hard- 
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ness, and machinability, are controlled by regulating the elements 
other than ferrite in the cast iron. 

KMs ef C«ff Irmi 

1. Olrecf^iree eaefiaga* This iron, a product of the blast fur¬ 
nace, is usually known as pig iron. It is not suitable for roost coro- 
merical castings until it has been reroelted in a cupola or furnace 
of some other type. The output of iron from a blast furnace is so 
large that it would be difficult to provide sufficient commercial molds 
to take care of the output. 

2. Gray Iran. Gray iron is ordinary commercial iron, which is 
so called because of the grayish color of the fracture. This color is 
due to the carbon being principally in the form of flake graphite. 
Gray iron is easily machined and has a high compression strength, 
a low tension strength, and no ductility. The percentages of the 
several elements may vary considerably, but are usually within the 
following limits: 


Carbon 

Silicon 

Manganese 

Phosphorus 

Sulfur 

Iron 


3.00-3.50 

1.00-2,75 

0.40-1.00 

0.15-1.00 

0.02-0.15 

Reniainder 


Figures 3 and 4 are micrographs showing the structure of gray cast 
iron. If a specimen is polished and examined under the microscope, 
the appearance is as shown in Figure 3. The dark lines are small 
flakes of graphite which greatly impair the strength of the iron. The 
strength of cast iron is greater if these flakes are small, and uniformly 
distributed throughout the metal. Etching a specimen with a dilute 
solution of nitric acid results in the structure shown in Figure 4. The 
light-colored constituent appears to be steadite, a structural com¬ 
ponent in cast iron that contains phosphorus; the other new con¬ 
stituent is known as pearlite. Steadite can be identified by its white 
dendritic formation.and is a eutectic structure of alpha iron and iron 
phosphide. Ferrite, or pure iron, also appears as a constituent of 
gray irons having a high silicon content, or irons that have been 
slowly cooled. Pearlite (composed of alternate lamellae of ferrite 
and iron carbide) is found in most irons and is similar to the pearlite 
found in carbon steels. This constituent adds to the strength and 
wear resistance of the iron. The dark graphite flakes may also be 
seen in this photomicrograph. 
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Hf. 3. Straefur* of gray cast Iron 
(ASTM Clast 40). Graphita flafcas in 
unafckad mafrii. Magnification X 125. 


Rg. 4. Stmehira of gray east iron 
(ASTM Class 40). Etehad in 5% nital 
showing graphite, poarlito, and staadita. 
Magnification X 562. 


3* WMf0 Iron, This iron shows a white fracture, which is due to 
the fact that the carbon is in the form of a carbide, FesC. The 
carbide, known as cementite, is the hardest constituent of iron. 
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Rg. 5. Stmehira of white cast iron as east. Eleliad In 5% nilal showing poarlito 
%nd comontito. hdagnifieation x IK. 


White iron with a large percentage of carbide cannot be machined. 
The principal constituents shown in the micrograph (Figure 5) axe 
cementite and pearlite. The dark area is the pearlite and the light 
area the cementite. 

White cast iron may be produced by casting against metal chills or 
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by regulating the analysis. Chills axe used when a hard, wear-xesist* 
ing surface is wanted for such products as car wheels, rolls for crush* 
ing grain, and jaw-crusher plates. The first step in the production of 
malleable iron is to produce a white-iron casting by controlling the 
analysu d the metal. One specification ^ for the pr^uction of these 
casting^ is as follows: 


Carbon 

Silicon 

Manganese 

PhosphoTus 

Sulfur 

Iron 


I.75-2.S0 
0.85-1.20 
Less than 0.40 
Less than 0.20 
Less than 0.12 
Remainder 


4. eat# free. This is a product, intermediary betwem 
gray and white cast iron, the name again being derived horn tlw 
appearance of the fracture. It is obtained in castings wha« certain 
wearing surfaces have been chilled. 

5. Moffeabla cot# fro«. As in the production of white iron, 
malleable iron castings, when first cast, have all the carbon in the 
carbide form. Several types of furnaces, including the cupola, air 
furnace, and electric furnace, are utilized for producing malleable 
cast iron. Often two furnaces, such as the cupola and air furnace, 
are used together. This arrangement, known as duplexing, permits 
continuous pouring as well as more accurate control of the pouring 
temperatures and analysis of the metal.* The castings obtained are 
packed in pots and placed in an annealing oven so arranged as to 
allow free circulation of heat around each unit. The annealing time 
lasts S to 4 days at temperatures varying from 1500 to 1850 F. In 
this process, the hard iron carbides are changed into nodules of 
. temper or graphitic carbon in a matrix of comparatively pure ircm, 
as shown in the micrograph in Figure 6. Malleable iron has a tensile 
strength of around 55.000 psi and an elongation of 18%. Malleable 
castings which have considerable shock resistance and good machin- 
ability are used principally by the railroad, autmnotive, pipe-fittii^ 
and agricultural-implement industries. 

6. Nedalar Iraa. high-strength high-ductility iron (Figure 7) • 
having the carbcm in the form of graphite nodules, is now being pro¬ 
duced by adding a small amount of a magnesium-containing agent 
such as magnesium-nickel or magnesium-copper-fenosilicon alloy to 
gray iron. The magnesium required to produce graphite depends 
on the amount of sulfur present. Sulfur is first eliminated by being 
converted to magnesium sulfide, additional magnesium present 

1ASTM SpMifiMtioii A47-SS. Qnd* 3S0II. 
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changing the graphite to the nodular £orm. This type of iron u 
usually obtained in the as-cast condition; however, casting, followed 
by a short annealing period, is often employed to obtain certain 
required properties. In this process, the time for annealing is much 
shorter than that used in the manufacture of malleable iron. With 



Fig. 6. Struefur* of malloabU iron. 
Efekod in 5% nifat showing tompar 
carbon in forrifo matrix. Magnification 
XI2S. 


Fig. 7. Structure of nodular or duc¬ 
tile cast iron. Magnification X 2S0. 
(Courtesy The International Nickel Com¬ 
pany, Inc.) 


improved physical properties, this iron may be used for the casting 
of crankshafts and for miscellaneous parts in a wide variety of 
machines. 

Efftcf of Cbomieol Elomonfs on Cast Iren 

Carbon, Although any iron containing over 2.0% carbon is in 
the cast-iron range, gray cast iron has a carbon content of 3 to 4%. 
The amount depends on the carbon content in the pig iron and scrap 
used and that absorbed from the coke during the melting process. 
The final properties of the iron depend not only on the amount of 
carbon but also on the form in which it exists. The formation of 
graphitic carbon depends on slow cooling and on the silicon a>ntem. 
High silicon jn'omotes the formation of graphitic carbon. Carbon in 
this state acts as a softener for the iron, r^uces the shrinkage, and 
gives the iron machinability. The strength of the iron increases with 
the percentage of carbon in the combined form. 

Sllhan, Silicon up to 3.25% is a softener in iron and is the pre¬ 
dominating element in determining the amounts of iximbined 
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and graphitic carbon. It combiiies with iron that otherwise would 
ocmbine with carbon, thus allowing the carbon to change to the 
graphitic state. After an equilibrium is reached, additional silicon 
unites with the ferrite to form a hard compound. Hence, silicon 
above 5.25% acts as a hardener. In melting, the avmge loss of 
silicon is about 10% of the total silicon diarged into the cupola. 
Hi^ silioMi content is recommended for small castings and low 
for laige outii^. When it is used in percentages from 13 to 17. an 
alloy having acid and corrosion resistance is formed. 

MangeiMi#. Manganese in small amounts does not have an ap¬ 
preciable effect, but in amounts over 0.5% it combines with sulfur to 
form a manganese sulfide. The mixture has a low specific gravity 
al^d is eliminated from the metal with the slag. It acts as a deoxidizer 
ik well as a purifier and increases the fluidity, strength, and hardness 
of the iron. If the percentage is increas^ appreciably over the 
usual amounts, it will promote the formation of combined carbon 
and rapidly increase the hardness of the iron. Of the manganese 
originally charged, 10 to 20% is lost in the melting process. 

Swlfar, There is nothing good to be said for sulfur in cast iron. 
It prmnotes the formation of combined carbon, with accompanying 
harness, and causes the iron to lose fluidity, with resultant blow 
holes. Sulfur gets intp the iron from the ore and also from the coke 
during the melting process. Each time ^e iron is remelted there is 
a'slight pickup in sulfur, frequently as much as 0.03%. To counter¬ 
act this increase, manganese should be added to the charge in the 
form of ferromai^pinese briquettes and spiegeleisen. 

fhdtphoiwk Phosphorus increases the fluidity of the molten 
metal and lowers the melting temperature. For this reason phos* 
phmus up to 1% is used both in small castings and in those having 
thin sections. La^ge castings should have low phosphorus content 
since additional fluidity in the iron is not required. There is a slight 
increase in strei^;th and shock resistance as the percentage increases 
With little change in the phosphorus content during the melting 
process, althoi:gh in some calculations it is assumed that there is a 
pickup of about 0 lO 2%. The action of any remelting process upon 
phosphorus is prindp^y one of concentration, because this element* 
does not oxidize readily except under special conditions. In order 
to ctmtrol this element, care should be exercised in selecting die 
grade of scrap to be used. 

Phosphmrus also forms a constituent known as steadite, a mixture 
of iron and {diosidiitfe, which is hard, brittle, and of rather low melt¬ 
ing point. It contains about 10% phosphorus, so that an iron with 
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0.50% phosphorus would have 5% steadite by volume. Sceadite ap* 
pears as a light, structureless area under the microscope but may 
appear as a network if sufficient phosphorus is present. 

Capoki 

.DMerlpf/o*. Iron castings are made by remelting scrap along 
with pig iron in a furnace called a cupola. The construction of this 
furnace is simple, consisting of a vertical stack lined with a refractory 
material, with provisions for introducing an air blast near the bot¬ 
tom. A cross section of a cupola is shown in- Figure 8, with the 
principal parts labeled. 

The entire cupola rests on a circular plate, which is supported 
above the floor by four columns, suitably spaced so that the hinged 
bottom doors can swing freely. In operation, these doors are swung 
into horizontal position and held in place by a vertical prop. The ^ 
charging door is located about halfway up the vertical shell, and 
the top of the cupola is open except for a metal shield or spark ar¬ 
rester. 

The openings for introducing the air to the coke bed are known as 
tuyeres. Usual practice is to have a single row around the circum¬ 
ference of the wall, although some large cupolas have two rows. The 
tuyeres, flaring in shape, with the large end on the inside to cause 
the air to spread evenly, are placed fairly close together to obtain 
as nearly uniform air distribution as possible. The number of 
tuyeres varies with the cupola diameter, ranging from four, on small 
cupolas, to eight or more on large installations, the combined area 
of the inlets being roughly one fourth of the cross-sectional area of 
the cupola. Normally, the bottom plate of the iron tuyere casting 
is about 20 inches above the bed of the cupola, although this height 
will vary according to whether the type of operation is intermittent 
or continuous. A shallow hearth is satisfactory for long heats, since 
less coke is required. 

Surrounding the cupola at the tuyeres is a wind box or jacket for 
the air supply. Small windows covered with mica are located op¬ 
posite each tuyere so that conditions in the cupola can be inspected. 
cThe air blast, furnished by a positive displacement or centrifugal 
type of blower, enters the side of the wind Jacket. 

The opening through which the metal flows to the spout is called 
the up hole. Opposite the pouring spout at the rear of the cupola is 
another spout for slag disposal. This opening is a few inches bdow 
the tuyi^s to prevent slag running into them and also to prevent 
possible chilling of the slag by the air blast. 
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R9. S. CroH Mctien of a cupola. 


fr9p9rt9§ 99d eftarglug. The first operation in preparing a 
cupola it to dean out the slag and refuse on the lining and around 
the tuyeres frcnn the previous run. Care must be exercised in doing 
diis so as not to damage the refraaory lining. Any bad spots or 
broken bricks are repaired with a daubing mixture of fire day and 
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silica sand or ganiscer. Brick and cky in the breast are removed 
preparatory to rebuilding it with new material|. After the lining 
is repaired, the bottom doors are swung into position and the prop 
plac^ under them. All cracks are closi^ with fire day, and a layer 
of black molding sand is placed on the bottom. This sand is rammed 
doivn and given a slope towards the spout, the depth being not less 
than 4 inches at the lowest point. The breast opening at the spout 
is made up of a mixture of fire clay and sand, or a separate breast 
brick can be used. A small up hole about % to 1 inch in diameter 
is provided. 

The firing of a cupola is started 2% to 3 hours before the first 
metal is to be tapped. Kindling wood is thrown in the charging 
door after a few flat pieces are placed on the bottom to protect the 
packed sand. A sufficient amount of wood should be used to ignite 
a bed of coke. All the tuyi^res are open when the fire is surted, and 
only a natural draft is used. Coke is added from time to time until 
the bed is built up to its proper height above the tuyeres. The 
height of the bed coke is imporunt, as it determines the height of the 
melting zone and affects both the temperature and oxidation of the 
metal. Another controlling factor is the pressure of the air blast, as 
with increased pressure a higher bed is necessary. Depending on the 
afore-mentioned conditions, the bed height may range from 20 to 50 
inches above the top of the tuykes. The height of the bed should 
be gaged by dropping a gage bar from the charging door to coke 
level. 

As soon as the coke bed is thoroughly ignited, the pig iron and 
scrap may be charged. The alternate cl^iges of coke and iron are 
made in a ratio of 1 part of coke to 8 or 10 parts of iron, measuied 
by weight. The ratio depends on the heating value of the coke, the 
size of the iron pieces making up the charge, and meul tempera¬ 
ture desired. A ratio of 1 to 8 probably represents average practice. 
The size of the charge depends on the diameter the cupola and 
also on the amount of coke that is necessary to provide sufficient heat 
for the charge. In general, a uniform layer thickness of 6 to 8 inches 
is used between ea<^ charge. By calculating the weight of the coke 
necessary for this layer and knowing the coke—iron ratio, the weight 
of the iron charge may be obtained. If the coke layer in a smal l 
cupola weighs 60 pounds, the iron charge will be 480 pounds. 

In addition to charging iron and coke, a fluxing material should 
be used if the runs are to be long. The object of adding a flux 
is to remove impurities in the iron, protect the iron from oxidation, 
and render the slag more fluid for easy removal from the cupbbu 
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Umestone (CaCOa) »• the prindpal fluxing material, although fluor¬ 
spar (CaFg) and s^ ash (Na2C08) are also used. This material 
is applied over the coke charges in small lumps not exceeding 2 indies 
in diameter. Although limestone is cheaper, fluonpar gives the 
slag more fluidity. Experience has proved that about 75 pounds of 
limestone should be u^ per ton of iron. Frequently fluorspar is 
added in a ratio of 1 to 2 or S, repladng part of the limestone. The 
amount of fluxing materials is subject to considerable variation, de¬ 
pending on the amount of coke ash formed and the cleanness of the 
metal. Slag that is formed floats on the metal accumulated on the 
hearth and flows continuously from the slag hole at the rear of the 
cupola during the heat. 

After the cupola is fully charged up to the charging door, the 
iron should soak in the heat about three-fourths of an hour or 
longer. No forced draft is used during this period, the only draft 
coming from the tuyere peep holes and the spout opening. Before 
turning on the blast, the tuyere openings should be closed. After the 
blast has been on a few minutes, molten metal starts accumulating in 
the hearth. The tap hole is then stopped up until a sufficient 
amount of molten metal is accumulated in the cupola to warrant 
pouring operations. During operation the cupola should be kept 
filled to the charging door by addition of successive charges, as 
rapidly as room is provided by the settling of the material. This is 
important, for the settling of the chains permits a rapid escape of 
the gases, and the iron that is charged loses the advantage of this heat. 
The length of a heat may be as much as 16 hours, although most 
runs last only a few hours. 

Intermittently the tap hole of the cupola is opened, allowing the 
metal to flow into a large ladle. It is then closed again with a conical 
clay plug called a bot. This procedure is repeated until all the metal 
is melted and poured. At tne end of the run, the blast is shut off and 
the prop under the bottom doors knocked down, allowing the re¬ 
mains in the cupola to drop to the floor. The bed of hot iron, slag, 
and coke is quenched with water as quickly as possible and removed 
from beneath the cupola. Any coke or iron in the remains is salvaged 
and taken into account in the cupola calculations tor the heat. » 

Capofa ulr aappfy. The amount of air required to melt a ton of 
iron depends on the quality of coke and the coke-iron ratio. Theo¬ 
retically, 113 cubic feet of air at 14.7 psi and at 60 F is required 
for one pound of carbon. For other operating conditions some 
correction should be made to get the correct volume of air. Fcht 
coke, the previous figure should be reduced sligh^y to compensate for 
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the ash content. Assuming a 1 to 8 r^itio, we find that 2^ pouiids 
of coke is required to melt one ton of iron. Multiplying 250 by 105 
gives 26,250 cubic feet of air, required to melt one .tool. Actually, 
in practice perfect combustion is not obtained, and a larger volume 
of air is required. A value of 50,000 cubic feet.of air per ton of 
iron is frequently used in estimating the capacity of a blower. 

The pressure of the blast to be maintained will depend on the size 
of the cupola, compactness of the charge, kind of iron being melted, 
and the temperature. Small cupolas may require a pressure of only 
5 to 8 ounces; large cupolas may operate as high as 28 ounces. No 
definite rule for pressure can be laid down: the proper value can be 
obtained only by actual operating experience. 

The best type of blower for cupola operation is the positive<lis* 
placement type, because it delivers a constant volume of air to the 
cupola, irrespective of changing furnace conditions. In making cal¬ 
culations a small air-slippage loss should be taken into account. 
This loss is a known value for a given blower. Variations in capacity 
are obtained by speed regulation. With centrifugal blowers the 
volume to the cupola varies according to the pressure in the wind 
jacket, which in turn is affected by the height of charge and other 
conditions in the cupola. Volume may be controlled by a gate in the 
blast line connected with suitable electric controls. The regulation 
is obtained by changing the. power input of the motor driving the 
blower. 

Hef-bfoaf type. Combustion in the cupola may be appreciably 
improved by preheating the air as is done in regenerative-type melt¬ 
ing furnaces. One method removes the stack gases from the cupola 
just below the charging door and completes their combustion in a 
furnace adjacent to the cupola. Incoming air goes through a pre¬ 
heater in this furnace and then into the wind box of the cupola at a 
temperature around 600 F. The other method preheats the air in 
a separate external furnace and does not attempt to reclaim any 
heat from the cupola operation. One advantage of this method is 
that the hot blast is ready as soon as the cupola is started. Both 
methods improve the melting rate and save appreciably on the 
amount of fuel required. 

Cofciflofien of eapolo cborgo. Careful consideration must be 
given to the materials charged into a cupola if a uniform product is 
desired from day to day. Raw materials vary in composition, and 
there are also changes that take place during the melting operation. 
For some elements (silicon and manganese) there is a definite per¬ 
centage loss due to oxidation. Carbon also has a loss due to oxida¬ 
tion, but this is a>mpensated for by absorption from the coke. Sulfur 
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does not suffer any loss frcnn oxidation and actually picks up addi* 
tional amounts from the coke. There is little change in the pho^ 
phorus content. Most cupolas operate on a fairly lai^ percentage 
of return scrap, which is close to the desired analysis. In computing 
a charge; however, both return and new scrap must be included as 
well as the various grades of pig iron. The following problem illus' 
trates the procedure involved in calculating a charge. 


Given the following materials to work with, what would the 
final iron analysis be, using cupola melting? Assume a SOOO pound charge 
made up of metals of the following composition: 


Iron 

Carbon 

Silicon 

Manganese 

Phosphorus 

Sulfur 

No. 1 pig imn 

3.5 

2.50 

0.72 

0.180 

0.016 

No. 2 pig iron 

3.5 

3.00 

0.63 

0.120 

0.018 

New cast-iron scrap 

3.4 

2.30 

0.50 

0.200 

0.030 

Returns from foundry 

S.S 

2.50 

0.65 

0.170 

0.035 


The material is to be used in the following proportions: no. 1 pig~10%: 
no. 2 pig—20%; returns—40%; new scrap—30%. 

(a) Carbon content; oxidation loss » gain from coke . 

No. 1 pig 3000 X 0.10 X 0.035 - 10.5 lb 

No. 2 pig 3000 X 0.20 x 0.035 >- 21.0 lb 

New scrap 3000 x 0.30 x 0.034 =» 30.6 lb 

Returns 3000 x 0.40 x 0.033 — 39.6 lb 

* 101.7 lb 

Per cent carbon x 100 » 3.39 

3000 


(6) Silicon content; oxidation loss — 10% 

No. 1 pig 3000 X O.IO X 0.025 -> 7.5 lb 

No. 2 pig 3000 X 0.20 x 0.030 « 18.0 lb 

New scrap > 3000 x 0.30 x 0.023 >-* 20.7 lb 

Returns. 3000 x 0.40 x 0.025 » 30.0 lb 

^Ib* 


Per cent siliotn 


76.2 - (76.2 X 0.10) 
3000 


X 100 


2.28 


(e) Manganese content: oxidation loss ■>20% 

No. 1 pig 3000 X 0.10 X 0.0072 - 2.16 lb 

No. 2 pig 3000 X 0.20 x 0.0063 - 3.78 lb 

New scrap 3000 x 0.30 x 0.0050 » 4.50 lb 

Returns 3000 x 0.40 x 0.0065 •• 7.80 lb 


18.24 lb 


„ 18.24 - (18.24 X 0.2) 

Per cent manganese --^-x 100 — 0.49 

3000 
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(4) Phosphorus; oxidation Joss «> 0 

No. 1 pig 3000 X 0.10 X aOOI8 - 0.54 lb 

No. 2 pig 3000 X 0.20 x 0.0012 - 0.72 Ib 

New soap 5000 x 0.50 x 0.0020 *■ 1.80 lb 

Returns 5000 x 0.40 x 0.0017 - 2.041b 

5.10 lb 

5 10 

Per cent phosphorus « —!— x 100 •* 0.17 

5000 

(e) Sulfur; oxidation loss 0. Gain from coke is approximately 4% of 
sulfur in coke. 

No. 1 pig 5000 X 0.10 X 0.00016 « 0.048 lb 

No. 2 pig 5000 X 0.20 x 0.00018 » 0.108 lb 

New scrap 5000 x 0.50 x 0.00050 - 0.270 lb 

Returns 5000 x 0.40 •x 0.00055 - 0.420 lb 

0.846 lb 

Assuming a coke to iron melting ratio of 1 to 8 and a coke with a sulfur 
content of 0.50%. we have 

575 X 0.005 - 1.875 lb of sulfur 
Pickup 4% * 0.075 lb 

Then per cent sulfur — - x 100 — 0.0507 

5000 

Advanfagt oad llrnttaflonx. The cupola has been used exten* 
sively for many years because of its simplicity of construction and 
economy in operation. It melts iron continuously at a high produc> 
tion rate, requiring a minimum of maintenance. 

However, when metal is melted in contact with the fuel, some 
elements are picked up while others are lost. This affects the final 
analysis of the metal and necessitates close regulation of the cupola. 
Also, close temperature control is difficult to maintain. 

Air Fumac* 

* 

The air or reverberatory furnace shown in Figure 9 has been 
widely used for the production of malleable-iron and high-test gray- 
iron castings. Early furnaces were hand-fired with bituminous 
coal, but most furnaces of today use pulverized coal or oil. Charging 
is done through the roof of the furnace by rmoving sections of the 
arch called bungs. This furnace lends itself to close control, sin<« 
the metal can be tested at intervals. Furthermore, the metal is not 
in contact with the fuel as it is in the cupola furnace; and the anal¬ 
ysis, particularly the carbon content, can be held to close limits. 
Since the initial and operating costs of this furnace are higher thiin 
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iJiose of. a cupola* the air furnace does not have wicUn application 
except for malleable’iron castings. Capacities of these furnaces range 
fnnn 5 to 50 tons pdlr heat. 



Wreufbf Irea 

Wrought iron is a ferrous metal containing less than 0.1% of 
carbon with 1 to 3% of finely divided slag, distributed uniformly 
throughout the metal. It has been produced for many centuries by 
a variety of processes, the two in use today being the puddling process 
and the Aston process. The latter came into prominence in the 
nineteen-twenties and today accounts for most of the tonnage of 
wrought iron. 

In the hand puddling process, pig iron and iron scrap were melted 
in a small, reverberatory, 500-pound ca^city puddling furnace fired 
with coal, oil, or gas. Most of the elements were removed by oxida¬ 
tion, since they came in conuct with the basic refractory lining of the 
furnace. This process was subsequently improved by using mechani¬ 
cal puddling furnaces of greatly increased capacities and by- elimi¬ 
nating much of the hand labor of stirring and gathering the metal 
into large balls. Freed from impurities, the product was removed 
from the furnace as a pasty mass of iron and slag, and then mechani¬ 
cally worked both to squeeze out the slag and to form it into some 
commercial shape. 

The Aston process melts the pig iron in a cupola and refines it in 
a Bessemer converter. The blown metal is then poured into a ladle 
(known as a shotting) containing a required amount of slag pre¬ 
viously prepared in a small open-hearth furnace. Since the sla^ 
is at a lower temperature, the mass solidifies rapidly, liberating the 
dissolved gases with sufficient force to blow the metal into small 
pieces. These pieces settle to the bottom of the ladle and weld 
together as sponge iron. Each ball of iron collected in the ladle 
weighs 5 to 4 tons, and the rate of production is about one every 
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5 minutes. A diemical analysis* of wrought iron produced by this 
process is as follows: 


Element 

Per cent 

Carbon 

0.02 

Silicon 

0.15 

Manganese 

0.03 

Phosphorus 

0.12 

Sulfur 

0.02 

Slag 

3.00 (by weight) 

Iron 

Remainder 


The grain structure of a piece of polished and etched wrought 
iron is shown in Figure 10. The particles of slag may be seen as 
dark streaks running through the metal. 



Rg. 10. Lengitud!n«l ttruetur* of wrought iron. Mognifieotion X200. 


_ w 

The principal use of this metal is in the production of pipe and 
* other products subjected to deterioration by rusting, such as those 
used in shipyards, railroads, farms, and oil companies. Advantages 
other than its resistance to corrosion include ease of welding, high 
ductility, and ability to hold protective coatings. 

*J. Alton ami E. B. Storoy, Wnufht Irm, A. M. Byon Company. Pittslnirgli, F#., 
2nd adition. 1950. 
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Steel is a crystalling alloy of iron, carbon, and several other ele* 
ments, which hardens when quenched above its critcal temperature. 
It contains no slag and may be cast, rolled, or forged. Carlin is an 
important constituent because of its ability to increase the hardness 
and strength of the steel. Steel castings may be classified as follows: 

Steel Castings* 

1. Carbon steel, 

(a) Low carbon (less than 0.20%). 

(fi) Medium carbon (0.20 to 0.^%). 

(c) Hij^ carbon (over 0.40%). 

2. Alloy steel 

(a) Low alloys (special alloying elements 
totaling less than 8.0%). 

(h) High alloys (special alloying 
elements totaling over 8.0%). 

* Cast Metals Handbook, American Foundrymen’s Association. 

Medium-carbon-steel castings are used most frequently in the 
carbon-steel range. They have ductility and good tensile strength 
in a normalized condition, ranging from 60,000 to 80,000 psi. The 
I range of chemical composition is as follcnvs: 

.Meoium-Caebon—Steel Castings 

Carbon 0.20-0.40 

Manganese 0.50-1.00 

SUicon 0.20-0.75 

Phosphorus 0.05-maximum 

Sulfur 0.06-4naximum 

Ferrite Remainder 

Alloy castings may contain special elements in addition to those 
already listed, or they may have more than the usual percentage of 
some normal element., Special elements frequently added to foundry 
steel are aluminum, nickel, chromium, co^lt, molybdenum, vana¬ 
dium, and copper. Steels alloyed with silicon and manganese, both 
nmrmal constituents, are also frequently used. A great variety of steels 
is possible in this range, differing widely in strength, resistance to 
corrosion, high temperatures, and abrasion. 

A microstructure of a medium-carbon cast steel is shown in Figure 
11. The light areas are ferrite and the dark areas, pearlite The 
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grain structure of most cast steds is large because of the hi|g^ casting 
temperature of the metal combined with relatively slow cooling. 



Rt. If. Struetur* of m«clium>e«rben e«t MagnHIeafioii X200. 

This defect can be remedied by subsequent heat treatment. For the 
production of steel castings, four types of furnaces are used: 

1. Open hearth (both acid and basic). 

2. Electric (arc and induction). 

3. Crucible. 

4. Converter (acid). 

The largest tonnage is produced in basic open-hearth furnaces 
illustrated in Figure 12. Because of the large capacities of these 
furnaces, ranging from 25 to 100 tons, this process is used principally 
for large castings. The basic process is preferred to the acid process, 
because phosphorus can be controlled and sulfur can be partially 
eliminated. 

Although electric-arc furnaces are used principally for the {no- 
duction of steel and alloy-steel castings, they are also used, to a 
limited extent, for high-test iron castings. Both direct-are and 
indirect-arc furnaces are used. In the direct-arc furnace, shown in 
Figure IS, the current passes from the electrode to the meul, throU|^ 
the metal, and back to the electrodes or the hearth. Indirect-arc 
furnaces have horizontal electrodes above Uw metal whidi heat by 
radiation. Heating costs for electric furnaces are highar than for 
other furnaces, but this increase may be counteracted to some extent 
by using low-priced materials in the furnace charges. Electric ftm 
naces lend themselves to close temperature contnd, and the analysis 
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of the meul may be held to accurate limits. The direct-arc electric 
furnace is primarily a remelting furnace, using steel scrap as the 
raw material. The add type of furnace is used when the raw material 
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does not contain high phosphorus or sulfur. Foundry furnaces of 
this type, ranging in capadty from ^ ton to 10 tons per heat, are 
used for medium-sized and small steel castings. 

The crucible process is the oldest process for making steel castings, 
but it is little used today. , 


Wrought iron, washed metal, 
steel scrap, charcoal, and ferro¬ 
alloys constitute the raw ma¬ 
terials ' for this process. These 
materials are placed in crucibles 
having a capadty of about 100 
pounds and are melted in a 
regenerative furnace. 

In making steel castings from 
a converter, liquid metal or 



cupcda iron is poured into the Rg. I3. Dirael-«re firiMe*. 

converter, and the heat for,the 


refining operation is |»oduced by blowing air through the molten 
metaL The result is the oxidation of the silicon, manganese, and 


caiixm. Side-blower converters, as shown in Figure 14, are used 
in foundry vtoA and have a capadty of about Z tons. Both the 
convo’Cer and the crucible process have largely been replaced by 


electric-arc and induction furnaces. 


EUctrie induction furnaces, as shown diagrammatically in Figure 
15, are used {wimarily in the production of alloy-steel castings because 
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of the accurate control of melting conditions and composition. These 
furnaces, invented by Mr. £. F. Northrup in 1916, are of the coreless, 
induction type. High-frequency current is supplied to the primary 
water-cooled coil surrounding the crucible, inducing a heavy second¬ 
ary current in the charge. The resistance of this current soon melts 
the charged metal and brings it to a pouring temperature. Current 



Fig. 14. Sid»-blew»r eenv«rt«r. Fig. 15. Induetien fumae*. 


may be .supplied to the furnace from spark gap converters having 
a frequency range from 20,000 to 80,000 cycles or from motor- 
generator sets operating up to 25,000 cycles. Induction lurnaces 
range in capacity from a few pounds to 4 tons and are capable of 
melting either ferrous or *nonferrous metals. 

Since the pouring temperature for steel castings is 2900 to 3200 F, 
it is necessary to use a highly refractory and permeable sand. Most 
molds for large and medium castings are either baked or skin-dried 
to eliminate gas troubles in the mold, but green sand may be used for 
light and intricate castings. Green sand has the advantage of oflEer- 
ing less resistance to the normal contraction of the castings. Large 
risers must always be used on steel castings to compensate for the 
large amount of shrinkage. 

Nonftirpus 

The foundry method for making nonferrous castings in sand differs 
little from that used for iron castings. Molds are made in the same 
way and with the same kind of tools and equipment. The molding 
sand is usually of finer grain size, since most castings are very 
small and a smooth surface is desired. The sand need not be so 
refractory as sand for iron and steel castings, because the melting 
temperature for nonferrous alloys is lower. 

The crucible furnace diown in Figure 16 is frequently used tor 
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this work. It may be either the stationary or the tilting type. Coke 
if commonly used as the fuel for the stationary-pit furnaces, althou|^ 
oil or gas can be used'equally well if available. Oil and gas have the 
advantage of heating more quickly than coke. Electrical-resistance, 
indirect-arc; and induction furnaces having accurate temperature 
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control, and low melting losses may be used under certain conditions. 
Electric furnaces are widely used for laboratory work as well as for 
installations requiring large production. 

Crucibles used in nonferrous melting are made of a mixture of 
graphite and day. New crudbles contain a small percentage of 
moisture and should be dried out slowly and uniformly before use. 
Although these crudbles are quite fragile when cold and must be 
handled with care, they possess considerable strength when heated. 
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To remove tlm crucible from the furnace, special tongs are required 
which confotm to the outside. When heated, a crucible beamiei 
somewhat plastic, and serious strains arc impost upon it it the tongs 
do not fit properly. 

Nonferron Metals oed Alleys 

The common elements used in nonferrous castings are copper, 
aluminum, zinc, tin, and lead. Many alloys, however, have small 
amounts of other elements, such as antimony, phosphorus, manganese, 
nickel, and silicon. 

Two of the most common alloys using copper are brass and bronze. 
Brass is essentially an alloy of copper and zinc. The percentages of 
each element may vary considerably, but in most cases the zinc per* 
centage ranges from 10 to 40. The strength, hardness and ductility 
of the alloy are increased as the percentage of zinc is raised up to 40. 
Percentages of zinc over 40 are not desirable, owing to a rapid de* 
crease in strength and the tendency for the zinc to volatilim in nMlt- 
ing. An addition of a small percentage of lead (0.5 to 5%) increases 
machinability. Brass is used extensively in industry because of its 
strength, appearance, resistance to corrosion, and ability to be rolled, 
cast, or extruded. 

Bronze is a copper-base alloy containing tin, manganese, and sev¬ 
eral other elements. If ziqc is present, these elements are the pre¬ 
dominating ones so far as the properties are concerned. Most ele¬ 
ments used as alloys with copper add to the hardness, strength, or 
corrosion resistance of the metal. Table 5 lists several typical anal¬ 
yses of commercial copper-base alloys. 


TABLE 5. Copper-Zinc-Tfn Casting Alloys* 


Name 

Cu 

Sn 

Zn 

Pb Ni 

Si Mn 

A1 

Fe 

Use 

Red bran 

90 


10 






Hardware 

Yellow bran 

70 


SO 






Cartridges, tubes 

Leaded red brass 

85 

5 

5 

5 





Castings, machinery 

Leaded yellow 










bran 

72 

1 

24 

3 





Plumbing Bxtures 

Tin bronae 

88 

8 

« 






Bearings, ship hardware 

Bell metal 

80 

20 







Bells 

Bearing bronae 

8S 

7 

S 

7 





Madiine bearings 

Silicon bronie 

95 





4 1 



Machinery castings 

Manganese bronae 62 

1.5 

31 

1 


13 

13 

13 

High-strength parts 

Alaminum bronae 

78 




5 

3 

10 

4 

Corroshm-redatiflf parts 

Nickel silver 

65 

4 

6 

5 

20 




Dairy and laimdiy 


fquipmaU 


* Cast Mefatt Handbook, Srd edition. American Foundrymeti’s Aamdatian. 
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Because of light weight and .ability to resist many forms of corro* 
sion, aluminum alloys have a wide application in industry today. 
Many of them respond to heat treatment and are suitable where 
high strength is needed. Copper has always been i ne of the principal 
alloying elements and, in amounts up to 8%, adds to strength and 
hardness. Aluminum alloys containing silicon have excellent casting 
characteristics and increased resistance to corrosion. Magnesium as 
an alloying element improves machining, makes the castings lighter, 
and also assists in resisting corrosion. Table 6 shows some of the 
typical analyses of aluminum alloys suitable for sand casting. 

TABLE 6. Aluminum-Base Sand Casting Alloys* 


Name 

A1 

Cu 

Fe 

Si 

Mg Mn Ni 

Use 

Al-Cu (heat-treatable) 

9S 

5 

1 

1 


Engine castings 

Al-Cu 

92 

8 




Miscellaneous 

Al-Si 

95 



5 


Marine castings 

Al-Si (heat treatable) 

9S 

1 

03 

5 

0.5 

Leakproof castings 

Al-Cu-Si 

92 

4 

1 

3 


Good strength 

Al-Mg 

95 

0.15 

02 

02 

4 0.5 

Cooking utensils 

Al-Cu-Mg-Ni 

93 

3.5 



13 2 

Pistons, bearings 


* Cast Metals Handbook, Sttl edition, American Foundrymen’s Association. 


Magnesium alloys are useful where light weight is essential since 
they are about two-thirds the weight of aluminum and one-fourth 
the weight of cast ferrous metals. They have excellent machin- 
ability and respond to certain treatments which improve their physi¬ 
cal properties. Aluminum, the principal alloying element, increases 
hardness and strength. Manganese in small amounts increases the 
resistance of the metal to salt water. Sand castings made from mag¬ 
nesium alloys find use in portable tools, aircraft, and other construc¬ 
tions where weight saving is important. The approximate analysts 
for some of the sand casting alloys is listed in Table 7. 

TABLE 7. Magnesium-Bast Sand Casting Alleys* 

Name Mg A1 Zn Mn Use 

Mg-Al-Mn 95 4 . O.Z minimum Low-stress castings 

Mg-Al-Mn 91 8 0.2 minimum Tough, leakproof casting 

Mg-Al-Zn 90 6 3 0.2 minimum General castings 

* Metals Handbook, American Society for Metab, 1948. 

A list of the numetous alloys available for casting purposes and 
ctmtplete information as to the analysis and physical properties ot 
both ferrous and nonferrous metals can be found in handbooks. 
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PoiiriRg Citaalng Castlags 

In jobbing and small production foundries, tke molds are lined up 
on the floor as they are made, and the metal is brought to them ill 
small ladles. Figure 17 illustrates the use of a hand ladle in the pour¬ 
ing of aluminum into the molds. When more metal is required or if 



17. Peuring aluminum mimI eastings with hand ladle. (Courtesy Aluminum 
Company of Amarica.) 


heavier metal is poured, ladle tongs designed for two men are used. 
In large foundries, engaged in the mass production of castings, the 
problem of handling molds and molten metal is solved by placing the 
molds on conveyors and passing them slowly by a pouring station. 
The pouring station may be located permanently next to the furnace, 
or metal may be brought to certain points by overhead handling 
equipment. The conveyor serves as a storage place for the molds 
while they are being transported to the cleaning room. 

After a casting has solidified and cooled to a suitable temperature 
for handling, it is shaken from the mold. Very often this is done at 
a ventilated mold shakeout, the dust being collected by a cyclone dust 
collector while the sand is collected underneath and transported to 
the conditioning staticui. All castings are retained on grate bars of 
the shakeout. 

Nonferrous castings do not present mudi of a cleaning problem. 
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since they are poured at lower temperatures than iron or steel and 
the sand has little tendency to adhere to the surface. Gates and 
sprues are cut off, eitRer in a sprue press or with a metal band saw. 
Hand or rotary machine brushing is usually sufficient to prepare the 
casting for machining operations. 



fie. IS. Phantem vi*w of Whoolobrotor Tumblott. (Ceurfoiy AmortcM Foondry 
Equipmont Compony.) 

Iron and steel castings are covered with a layer of sand and scale 
which is somewhat difficult to remove. The gates and risers on iron 
castings may be broken off^ but to remove them from steel castings, 
a cutting torch or a high-speed cuttingoff wheel is necessary. 

To dean castings, several methods may be used, depending on the 
size, kind, and shape of the castings. The most common piece of 
equipment used is the rotating, cylindrical tumbling mill. The dean* 
ing is acomnplished by the tumbling action of the castings upon one 
another as the mill rotates. A similar piece of equipment, known 
as Wheelabrator Tumblast, is shown in Figure 18. Tl^ is one of the 
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smaller machines and i$ recommended for small shops. It wiU dean 
65 to 100 pounds of gray iron or malleable castings In 5 to 8 minutes. 
Larger machines of this type have capadties of over a ton per charge. 
The machine consists of a deaning barrel formed by an en^ess apron 
conveyor. The work is tumbled beneath a blasting unit located 
just above the load, and metallic shot is blasted onto the castings. 
After striking the load, the shot falls through holes in the conveyor 
and is carried overhead to a separator and storage hopper. From 
ther^t is fed by gravity to the blasting unit. The unit is unloaded 
by xWersing the apron conveyor. A dust collector is installed with 
the machine to eliminate dust hazards. 

Sand-blasting units may be used separately for cleaning castings. 
Sharp sand is blown against castings inside a blasting cabinet, re¬ 
moving all foreign matter completely and giving the casting a clean 
surface appearance. Castings that are to be plated or galvanized 
are frequently pickled in a weak acid solution and then rinsed in hot 
water. Large castings, which are difficult to handle, are often cleaned 
by hydraulic means. The casting is placed on a rotating table, and 
streams of water under considerable pressure wash away the sand. 

In addition to these cleaning processes, many castings require a 
certain amount of chipping or grinding to remove surface and edge 
defects. Stand, portable, and swing-frame grinden are used for this 
work. Fast free-cutting abrasive wheels, operating at a cutting speed 
ol around 9500 feet per nAnute, are also recommended for this type 
of grinding. 

RIVIEW QUESTIONS 


1. What is the difference between cast iron, steel, and wrought iitm? 

2. What are the raw materials and products d! a blast furnace? 

I. List the principal iron ores, and give the chemical symbol for each. 

4. Sketch a cupola, and label the essential parts. 

5. Describe the procedure of charging a cupola. 

4 . Why is a fluxing material added to the charge of a cupola? 

7. How much air is required to melt a ton iron? 
i. For what purpose is an air furnace used? 

9. What diSnent kinds of iron are produced? 

19. How are malleable-iron castings nude? 

11. How is nodular cast iron made? 

12. List the elements in gray cast iron, and sute the influence of each. 
11. How iif wrought iron made? 

14. What is steel? How are steel castings classified? 

15. What furnaces are used in the production of steel castings? 

14. How is steel (woduced in a convertei? 

IT. Describe the operation of a Wheelabraior TumMast 
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It. What various methods are used in deaning castings? 

If. What is the difference between brass and branae? 

10. What furnaces are used for nonfertous casting? 

11, What alloying elements are found in aluminum casting metals? What 
influence does each have on the properties of the metal? 

11. List the ptindpal eleraena used in magnesium casting alloys, and state the 
effects of each. 
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CHAPTCII 


SPECIAL 

CASTING METHODS 


Casiing from various types of sand molds probably have fewer 
limitations than those produced by any other processes. Ail metals 
may be cast in sand molds, and there is no restriction as to size. 
However, .sand molds are single-purpose molds, being completely 
destroyed after the metal has solidified. Quite obviously, the use of 
a permanent mold would effect considerable saving in labor cost. 
Great strides have been made in this held, particularly in the die 
casting of nonferrous alloys. A summary of the various, special cast¬ 
ing methods which will be discussed in this chapter is as follows: 


1. Casting in metallic molds 

( 0 ) Gravity or permanent-mold 
casting 

(6)' Slush casting 

(f)' Pre.ssed or C'orthias casting 

{d) Die casting 

(1) Hot-chamber machines 

(2) Cold-chamber machines 

2. Casting in nonmeullic molds 
{(f) Centrifugal casting 

(1) True centrifugal 

(2) Semicentrifugal 

(3) Centrifugal 


(b) Precision casting 

(1) “Lost-wax” method 

(2) Plaster molds 

(3) Mercast process 

(4) Shell molding 

(c) COz Mold-hardening 

process 

(d) Molds of wood, paper, 

rubber, and the like 

3. Continuous casting 

(a) Reciprocating molds 
{b) Draw casting 

(c) Sutkmary molds 

(d) Dtrea sheet casting 
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Methods ef Casting In MntaUic Molds 

Permanent molds diust be made of metals capable of withstanding 
high temperatures. Because of their high cost they are recommended 
only when many castings are to be produced. Although permanent 
molds would be impractical for large castings and alloys of high 
melting temperatures, they can be used advantageously for small and 
medium-sized nonferrous castings that are manufactured in large 
quantities. 



fo; (b) 


Fi9. I. Mirlti-station maehin* for pormanont mold casting, (a) Pouring Into motal 
mold, (b) Mold opening for romoval ef easting. (Courtesy Eaton Manufacturing 
Company.) 

V ' 

Grpvlty or pormanont’-mold eosfing. This method consists of 
filling a metal mold as in sand casting. No pressure is used except 
that obtained from the head of metal in the mold. The process is 
used successfully for both ferrous and nonferrous casting, although 
the latter type does not present so many problems as ferrous castings 
because of the lower pouring temperatures. The simplest type of 
permanent mold hinges at one end of the mold with provision for 
clamping the halves together at the other. Some prc^uction ma¬ 
chines, as illustrated in Figure 1, are circular in arrangement and 
have molds placed at a npmber of stations. The cycle of events con¬ 
sists of pouring, cooling, and ejecting the casting, blowing out the 
molds, coating them, and, in some cases, setting the cores. Both'* 
metal and dry-sand cores can be used in molds of this type. If 
metal cores are used, they are withdrawn as soon as the metal starts 
to solidify. 

Molds are made of either cast iron or steel and should be of such 
compmition as to resist the high temperature of the metal. They 
are usually coated with a refractory wash and then lampblack, which 
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reduces the chtlJing effect on the metal and fadlitates the removal 
of the casting. At the start of a run, the molds should be heated 
to the proper temperature by being filled with hot metal several 
times. As the proper temperature is obtained, surface defects dis¬ 
appear, and there is no longer any evidence of excessive chilling. 
Further control is obtained by regulating the rate at which castings 
are produced or by cooling the molds with air or water. Castings 
are frequently removed before they are completely solidified to 
prevent cracks from developing as a result of shrinkage strains. 

Permanent molds produce castings free from sand and with good 
finish and surface detail. They are especially adapted to the quantity 
production of small and medium-sized castings and are capable of 
maintaining tolerances ranging from 0.0025 to 0.010 inch. The high 
initial cost of equipment and the cost of mold maintenance might be 
listed as disadvantages of this process, which turns out such products 
as aluminum pistons, cooking utensils, refrigerator parts, electric 
irons, and small gear blanks. 

'Slufk eosfing. Slush casting is a method of producing hollow 
castings in metal molds without the use of cores. Molten metal is 
poured into the mold, which is turned over immediately so that the 
metal, remaining liquid, can run out. A thin-walled casting results, 
the thickness depending on the chilling effect from the mold and the 
time of the operation. The casting is removed by opening the halves 
of the mold. This method of casting is used only for ornamental 
objects, statuettes, toys, and other novelties. The metals used for 
these objects are lead, zinc, and variou*; low-melting alloys. Parts cast 
in this fashion are either painted or finished to represent bronze, 
silver, or other more ex{>ensive metals. 

' PivsMcf or Corfkfos cosffiif . I'his method of casting resembles 
both the gravity and the slush processes but differs somewhat in the 
manner in which the operation is performed. A definite amount of 
metal is poured into an opien-ended mold, and a close-fitting core 
is forced into the cavity, causing the metal to be forced into the mold 
cavities with some pressure. The core is removed as soon as the 
metal sets, leaving a hollow thin-walled casting. This process, de¬ 
veloped in France by Corthias, is limited in use mainly to ornamental 
casting of open design. 

Dh ctitHag* Die casting, as practiced in the United States, re¬ 
fers to the forcing, by pressure, of molten metal into a metal die or 
mold. The term die used in this process implies a metallic mold 
which is filled under pressure. The pressures, which range from 80 
to 40,000 psi, are maintained until solidificaticHi is completed. 
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The most widely used of any of the permanent-mold processes, 
die casting, is done by the hot-chamber method or the cold-chamber 
method. In the fonfter, a melting pot is included with the machine, 
and the injection cylinder is immersed in the molten metal at all 
times, the injection cylinder being actuated either by air or hydraulic 
pressure which forces the metal into the dies to complete the casting. 
Machines using the cold-chamber process have a separate melting 
furnace, and metal is introduced into the injection cylinder by hand 
or mechanical means. Hydraulic pressure then forces the metal into 
the die. 

The essential parts of a die-casting machine using the hot-chamber 
method are the container for molten metal, a heating chamber, 
means foy forcing the metal into the die, stationary and movable 
dies, a mechanism for opening and closing dies, an ejector mechanism 
for removing the casting, and the necessary framework for tite ma¬ 
chine. Metal is forced into the mold and pressure maintained during 
solidification, either by a plunger or by compressed air. Both 
methods are shown diagrammatically in Figure 2. The plunger-type 
machine, shown in the upper part of the figure, is hydraulically 
operated for both the metal plunger and the mechanism for opening 
and closing the die. In this machine the plunger operates in one 
end of a gooseneck casting which is submerged in the molten metal. 
With the plunger in the upper position, metal flows by gravity into 
this casting through several holes just below the ]>lungct. On the 
down stroke these holes are closed by the plunger, and pressure is 
applied on the entrapped metal, causing it to l>e forced into the die 
cavity. Pressures over 5000 psi are used in some machines of this 
type, resulting in castings of dense structure. As soon as the casting 
is solidified the pressure is relieved, the dies are forced open, and 
the casting is ejected by means of knockout pins. The sprue is re¬ 
moved with the runner and the castings. 

Air-operated machines, such as the one shown in the lower part of 
Figure 2, have a gooseneck casting that is operated by a lifting 
mechanism. In the starting position the casting is submerged in the 
molten metal and is filled by gravity. It is then raised, so that the 
nozzle is in contact with the die opening, and locked in position. 
Compressed air, at pressures ranging from 80 to 600 psi, is applied * 
directly on the metal, thus forcing it into the die. When solidifica¬ 
tion is about complete, the air pressure is turned off and the goose¬ 
neck lowered into position to receive more metal. The operation of 
opening the dies, withdrawing cores, and ejecting the castings is 
the same as for the plunger-type machine. 



94 


SPECIAL CASTING METHODS 


A plunger-type hot-chamber machine is shown in Figure S. This 
machine is primarily used for zinc, and has a capacity of 9^ pounds 
per shot, with an injection pressure of 2000 jMi. In operation it is 
similar to the plunger machine shown in the top half of Figure 2. 
Molten metal enters the gooseneck casting in the melting pot and is 




Rg. 2. Dicgrammdtic vi*w of plungor and pnoumatic dto*catting maehinOt 


forced into the dies by pressure exerted from the plunger. As the 
dies open, the castings are automatically ejected. 

Hot-chamber machines are used with low-melting alloys because 
of machine difficulties encountered at high temperatures and the in¬ 
creased corrosion of the machine parts. Since many metals have an 
affinity for iron, only those casting alloys that do not attack the im* 
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Fig. 3. Plungw geoieneck lipt'chamber machine for the preducfien of sine dio eatfingt. 
(Courtesy Kui Machine Company.) 

mersed metal parts are used. Alloys of zinc, tin, and lead are par- 
ticularly recommended for these machines. 

The die casting of brass, aluminum, and magnesium requires 
higher pressures and melting temperatures and necessitates a change 
in the melting procedure from that previously described. These 
metals are not melted in a self-contained pot, since the life of the {X)t 
would be very short. The usual proceduie is to heat the metal in an 
auxiliary furnace and ladle it to the plunger cavity next to the dies. 
It is then forced into the dies under hydraulic pressure. Machines 
operating by this method are built very strong and rigid to withstand 
the heavy pressures exerted on the metal as it is forced into the dies. 
Of the two machines in general use, one has the plunger in a vertical 
position, the other, in a horizontal position. 

A diagrammatic sketch illustrating the operation of horizontal- 
plunger cold-chamber machines is shown in Figure 4. In the first 
figure the dies are shdwn closed, with cores in position, and the 
molten metal ready to be ladled in. As soon as the ladle is emptied,, 
the plunger moves to the left and forces the metal into the two, 
cup-shaped molds. After the metal solidifies, the cores are with¬ 
drawn, and then the dies are opened. In the third figure the dies 
are opening, and the casting is shown as ejected from the stationary 
half. To complete the prot^ss of opening, an ejector rod comes into 
operation and ejects the casting from the movable half of the die. 
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This operating cycle is used in a variety of machines which operate 
at pressures ranging from 5600 to 22,000 psi. These machines are 
fully hydraulic and semiautomatic. After the metal is ladled in, the 


Statloraiy 


Co*'M withdrawn. 
Dim ep*n. 


Ejncting th« ending from meveble die. 


Rg. 4. The die eeiting of brau, eluminum, or megnMium in herisentel plunger Cold* 
ehember meehine. (Courtesy Reed>Prentiee CorperaOen.) 


rest of the operations are automatic. Aside from the ladling pro¬ 
cedure, the operation of the machine is the same for hot-chamber 
machines. 
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The manufaccure of brass die castirigs is a comparatively recent 
achievement The difficulties of the high temperatures involved and 
the resulting rapid*^ oxidation of the steel dies have been largely 
overcome by improvements in die metals and by casting at as low a 
temperature as possible. A machine developed in Czechoslovakia, 
known as the Polak machine, is used successfully for the production 
of these castings by the Titan Metal Manufacturing Company of the 
United States. This machine is designed to use metal in a scmiiiquid 
or plastic state to permit operation at lower temperatures than those 
used for liquid metal. To protect the dies further from overheating, 
water is circulated through plates adjacent to the dies. Metal is 
maintained under close temperature control and is ladled by hand to 
the compression chamber. The pressure used in this machine is 9800 
psi; 100 to 200 shots per hour can be made, depending on the size of 
the machine. 

Two variations of this process, each with the injection plunger in 
a vertical position, are diagrammatically illustrated in Figure 5. In 
the lower figure the compression chamber, into which the plastic 
metal is ladled, is separate from the dies. The metal is poured into 
this cavity onto a spring-backed plunger. As the ram descends, this 
plunger is forced down until the gate opening is exposed, permitting 
the metal to be forced into the die cavity. As the ram returns to its 
upper position, the ejector plunger also moves upward, carrying with 
it any surplus metal. As the die opens the casting is ejected. 

A variation of this machine, with the compression chamber a part 
of the die, is shown in the upper part of the figure. Metal is poured 
into this chamber at the upper part of the die and forced by pressure 
into the die cavity as the ram descends. As soon as the ram moves 
up, the dies open, and the casting is ejected by means of the ejector 
pins. The sprue and excess metal are trimmed off in the finishing 
operation. 

Hits. Dies for both the hot- and cold-chamber machines are 
similar in construction because there is little difference in the method 
of holding and operating them. They are made in two sections, to 
provide means of removing the castings, and aie usually equipped 
with heavy dowel pins to keep the halves in proper alignment. Metal 
enters the stationary side when the die is locked in closed position.'* 
As the die opens, the ejector plate in the movable half of the die is 
advanced so that pins project through the die half and force the 
casting from the cavity of fixed cores. The dies are provided with 
a separate mechanism for moving the ejector plate or movable cores. 
The life of these molds depends on the metal cast and may range 
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.Cemprenion chamber in diet. 



Comprmtion chamber separata from dies. 


Fig. S. Die construetien for praising brass castings. (Ceurtasy Titan Matal Mami* 
facturing Company.) 


•from 10,000 Ollings, if brass castings are made, to several million if 
zinc is used. 

It is always desirable to provide vents and small overflow wells 
(see Figure 7) on one side of a die to facilitate the escape of air and 
to catch surplus metal that has passed through the die cavity. In 
spite of this provision, there is a certain amount of flash metal which 
must be trimmed off in the finishing operation. 
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For lai;ge or complex castings a* singld-cavity mold is used. The 
casting and gate from such a mold are shown in Figure 6. If the 
quantity of castings to be produced is.large and they are relatively 
small in size, a multiple-cavity die can be used. Figure 7 shows a 
number of ca<:tings with the flask, gates, and sprue from such a die. 



R 9 . 6 . Gat* and eaiting Fig. 7. Gata, flash matal, and reflector east- 

froffl single-cavity die. (Conr- ings from multiple-cavity die. (Courtesy Tho 
tesy The Now Jersey Zinc New Jersey Zinc Company.) 

Company.) 

A combination die is one that has two or more cavities, each of which 
is different. They are frequently made up of insert blocks that can 
be removed so that other die blocks can be substituted. Most dies 
are provided with channels for water cooling to keep the die at 
correct temperature for rapid production. 

JldvonfagM and dfs^dvoNtofM o# die eosffiig. One of the 
main advantages of die casting over sand castings is the rapidity of 
the process, since both molds and cores are permanent. This feature 
warrants its consideration in the mass production of castings. Also, 
the metal molds give die castings a smooth surface which not only 
greatly improves ap{>earance but also minimizes the work required 
to prepare them for plating or other finishing operations. By this 
method, size is so accurately controlled that little or no machining 
is .necessary. Because of the uniformity in wall thickness, less ma¬ 
terial is required in die castings than in sand castings. There are 
no possibilities for sand inclusions, and a strong dense meul structure 
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is obtained. Finally, because of the accurate tolerance that can be 
maintained, the process eliminates such machining operations as 
drilling and certain types of. threading. Die-ftuting tolerances vary 
according to the size of the casting and the kind of metal used. For 
small castings the tolerance ranges from ±0.002 to 0.010 inch. The 
closest tolerances are obtained when zinc alloys are diecast. 

One of the limitations of die casting is the high cost of the equip 
ment and dies. This is not an important factor in mass production, 
but it does eliminate its use in short-run jobs. There is also a rapid 
decrease in the life of the dies as the metal temperature increases. 
In some cases there is an undesirable chilling effect on the metal 
unless high temperatures are maintained. Metals having a high 
coefficient of contraction must be removed from the mold as soon 
as possible because of the inability of the mold to omtract with the 
casting. There are certain limitations in the shape of die castings, 
and the process is not adapted to the production of large castings. 
For these reasons, die casting has, to a large extent, been limited to 
low-melting alloys, but, with a gradual improvement of heat-resisting 
metals for dies, this process can now be used for numerous alloys. 

Pto-Caifing Alleys 

A relatively wide range of nonferrous alloys can be die-cast. The 
principal base metals used, in order of commercial importance, are 
zinc, aluminum, copper, magnesium, lead, and tin. The alloys may 
be further classified as low-temperature alloys and high-temperature 
alloys; those having a casting temperature below 1000 F, such as zinc, 
tin, and lead, are in the low-temperature class. The low-temperature 
alloys have the advantages of lower cost of production and lower 
die-maintenance costs. As the casting temperature increases, alloy 
and other special steels in the best treated condition are required to 
resist the erosion and heat checking of die surfaces. The destructive 
effect of high temperatures on the dies has been the principal factor 
in retarding the development of high-temperature die castings. 

Another factor governing the choice of alloy is the erosive or 
solvent action of the molten metal on the respective machine parts 
and dies. This action increases with temperature, although it is more 
pronounced with some alloys than with others. Aluminum, in par¬ 
ticular, has a destructive action on ferrous metals and, for this rea¬ 
son, is seldom melted in the machine, whereas the copper-base alloys 
are never melted in the machine. 

Other considerations that influence alloy selection are the me¬ 
chanical properties required, weight, machinability, resistance to 
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corrosion, surface finish, and. of course, cost. Obviously, the least 
expensive alloy that will give satisfactory service should be selected. 

riilc-hoM aNoy$. * Over 75% of die castings produced are the zinc- 
base type. This alloy casts easily with a good finish at fairlv low tem¬ 
peratures. *t also has considerable strength and is low in cost The 
purest grades of commercial zinc, 99.99 •f% zinc, known as Special 
High Grade, should be used, since such elements as lead, cadmium 
and tin are impurities that cause serious casting and aging defects 
unless properly alloyed for a specific purpose. The usual elements 
alloyed with zinc are aluminum, copper, and magnesium; all are held 
within close limits. 

Nominal compositions of the two standard zinc die-casting alloys 
are indicated in the following table. 

TABLE 8. Zinc-Base Die-Casting Alloys 


ASTM No. 

A1 

Cu 

Mg 

Zn 

XXIIl 

4.1 

0.1 max. 

0.04 

Remainder 

XXV 

4.1 

1.0 

0.04 

iLemainder 


These alloys are much alike in composition except for the copper 
content and in most cases can be used interchangeably. Aluminum, 
in amounts around 4%, greatly improves the mechanical properties 
of the alloys and, in addition, reduces the tendency of the metal to 
dissolve iron. Copper increases the tensile strength, ductility, and 
hardness. Magnesium, which is usually held to an optimum of 
0.04%, is used because of the beneficial effect it has in making the 
castings permanently stable. 

Zinc alloys are widely used in the automotive industry and for other 
high-production markets such as washing machines, oil burners, re¬ 
frigerators, radios, phonographs, television, business machines, parking 
meters, small machine tools, and literally hundreds of other kindred' 
products. 

ilfiiRiiii«iii-boM alhyi. Many die castings are made of alumi¬ 
num alloys because of their lightness in weight and resistance to 
corrosion. Compared to zinc alloys, however, they are slightly lower 
in physical properties and more difficult to die-cast. 

Since molten alloys of aluminum will attach steel if kept in con¬ 
tinuous contact with it, die cold-chamber process generally is used 
in casting. Although more expensive to operate than the air-injec- 
tton type of machine formerly used, it has the advantage of producing 
sounder castings. The melting temperature of aluminum alloys is 
around 1185 F. 
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The.principal (elements used as alloys with aluminum are silicon, 
copper, and magnesium. Silicon increases the hardness and corro- 
sion-resisting properties; copper improves the mechanical properties 
slightly; and magnesium increases the lightness and resistance to 
impact. In Table 9 is shown the nominal composition o£ the 
principal aluminum die-casting alloys. 

TABLE 9. Aluminum-Base Die-Casting Alloys* 

ALCOA No. Cu Si Mg A1 Uses 

Remainder Large inuricate castings 

with thin sections, resists 
corrosion 

Remainder General purpose and for 
permanent mold casting 
Remainder Castings requiring high 
strength, ductility, and 
resistance to corrosion 
Remainder General purpose castings, 

good properties and excellent 
casting characteristics 
Remainder Good machinability, physical 
properties, and casting 
characteristics 

* Casting Alcoa Alloys, Aluminum Company of America. 1954. 

in addition to being light in weight, these alloys have a wide range 
of helpful properties, including resistance to corrosion, high electrical 
conductivity, ease of applying surface finishes, and good machin¬ 
ability. Figure 8 shows a few castings made from aluminum-base 
alloys. 

alloys. Die castings of brass and bronze have pre¬ 
sented more of a problem in pressure casting because of their high 
casting temperatures. These temperatures range from 1600 F to 
1900 F and make it necessary to use heat-resisting alloy steel for the 
dies to reduce their rapid deterioration. Because of these high tem¬ 
peratures copper-base ailoys are melted in an auxiliary furnace and 
ladled to the machine in either a liquid or a plastic state. The latter 
method is used a great deal, as it permits operating at temperatures 
considerably lower than the melting temperatures of the molten 
metal. A plunger-type cold-chamber machine is used in this work. 

The nominal composition of the most common copper-base die¬ 
casting alloys is shown in Table 10. 

Copper-base alloys have extensive use in miscellaneous hardware, 


13 12 

43 5 

218 3 

360 9.5 0.5 

380 3.5 
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electric'inachinery parts, small gears, marine aircraft and automotive 
fittings, chemical apparatus, and numerous other small parts. Since 
the high casting temperatures and pressures cause the die life to be 



Fig. S. Di» eaifingt from •luminum alloys. (Courtosy Aluminum Company of 
Amoriea.) 


short, the cost of brass die castings is higher than that of other metals. 
However, these alloys are useful where high strength, resistance to 
corrosion, or wear resistance is considered important. 
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TABLE 10. Coppor-BflM Die-Catting Alloys* 


ASTM No. 

Cu 

Si Sn 

Pb Zn 

Uses 

Z30A 

67 

1.5 

1.5 40 

Yellow brass alloy having 





good machinability and 
casting qualities. 

ZS331A 

65 

1 

34 

General-purpose casting. 
Good properties, corro^n 
resistance and castability. 

ZS144A 

81 

4 

15 

High strength, hardness 
and wear resistance—but 
most difficult to make. 


* CompoMtion and Properties of Copper-Base Alloy Die-Castings ADCl— 
M5-56T. American Die Casting Institute, Inc., 1956. 


MogiiMfiim-baM olfoys. Magnesium is alloyed principally with 
aluminum but may contain small amounts of silicon, manganese, 
zinc, copper, and nickel. Its alloys are the lightest in weight of all 
die-cast metals, being about two-thirds the weight of alloys of alumi¬ 
num. Although the price per pound is slightly higher than for 
aluminum, the extra cost is compensated for by light weight and 
improved machinability. 

The corrosion resistance of magnesium alloys is inferior to that 
of the other die-casting allpys, especially in moist or sea atmospheres, 
and usually necessitates a chemical treatment as well as the subse¬ 
quent application of a special priming coat shortly after the casting is 
product. These treatments render the casting suitable for a wide 
range of applications. 

ASTM Specification B94, alloy AZ91B, is the principal die-casting 
alloy, having good casting characteristics and fairly high mechanical 
properties. This alloy contains 9% aluminum, 0.5% zinc, 0.13% 
manganese, 0.5% maximum silicon, 0.3% copper, 0.03% nickel, and 
the remainder magnesium. It is desirable that copper and nickel 
be kept very low to minimize corrosion. 

Magnesium alloys are cast in much the same manner as aluminum 
alloys and require a casting temperature between 1200 and 1300 F. 
Best results are obtained in so-called cold-chambtf machines, and it is 
necessary to ladle tlie alloy from a crucible which is hooded, keeping 
the metal covered by a nonoxidizing atmosphere. The lightness of 
these alloys, combined with good mechanical properties and excellent 
machinability, fits them admirably for aircraft, motor and instrument 
parts, portable tools, textile machinery, household appliances, and 
many other similar applications. 
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Ltad-batm alloys. Pure lead, which melts at 621.S F, will melt at 
around 470 F when ployed with about 16% antimony. This element 
is the principal one used with lead, and its percentage ranges from 
9.25 to 16. Antimony hardens lead and reduces its shrinkage value. 
Lead alloys have low mechanical properties but are inexpensive and 
easily cast. They are used principally for light-duty bearings, weights, 
battery parts. X-ray shields, and applications requiring a noncorrosive 
metal. 

Alloy ASTM B2B-46T, grade 8, contains 80% lead, 15% antimony, 
5% tin, and 0.5% copper, and is used principally as a bearing ma¬ 
terial for moderate loads. The tin increases the fluidity, hardness, 
and strength of the alloy, thus improving its use for bearing purposes. 
The use of lead compounds for die casting is limited due to its toxic 
eflEect upon workers. 

Tia-bota olloyt. Die-casting alloys based on tin are in about the 
same category as *the lead alloys, as far as mechanical properties are 
concerned, but are high in price. On the other hand, the tin alloys 
are high in corrosion resistance, and some of them are well suited for 
use in contact with foods and beverages. Also, tin alloys have ex¬ 
cellent bearing properties and can be cast within remarkable close 
dimensional tolerances. This fact, together with high corrosion re¬ 
sistance, accounts for their use in small parts such as number wheels, 
especially where contact with corrosive iqks may be involved. Bear¬ 
ings were once die-cast in large quantities from tin alloys, but cheaper 
as well as better methods of making bearings have resulted in sub¬ 
stantial, if not complete, elimination of die-cast bearings. Tin alloys 
can also be used for low-cost jewelry, and certain grades are classed 
as pewter. . 

Several tin alloys that can be die-cast are covered by ASTM 
Specifications B-102. Antimony is used in most tin alloys, usually 
in amounts of 4 to 16%; and up to 19% lead is common, although 
it should be eliminated where the die casting remains in contact with 
foods or beverages. The low melting point and low solidification 
shrinkage of the tin alloys favor their use in die casting and promote 
long die life. Because the use for tin-alloy die castings is very limited 
and because die casters cannot afford the risk of contaminating zinc 
alloys with tin, applications are so restricted that the toul output 
has become of little significance to the industry. 

Moffcods of Catffaig in Noninatallic Moldt 

Nonmetallic molds are restricted neither to high nor to low tem¬ 
peratures. Each mold material has its own temperature limitations 
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as to the kind of metal for which it is suitable. In many cases non- 
metallic molds are used in precision casting, as,the dimensional accu¬ 
racy obtained with accompanying smooth-surface finish tends to 
offset the higher costs. Centrifugal casting is included under this 
heading although castings are made by this process in both metal and 
nonmetallic molds. 

Cenfrlfugal cotffng.i Centrifugal casting is the process of rotat¬ 
ing a mold while the metal solidifies, so as to utilize centrifugal force 
to position the metal in the mold. The metal is forced against the 
walls of the mold with much greater pressure than that obtained by 
static pressure in ordinary sand casting. (Greater detail on the sur¬ 
face of the casting is obtained, and the dense metal structure has 
superior physical properties. Castings of symmetrical shape lend them¬ 
selves particularly to this method, although many other types of cast¬ 
ings can be produced. The methods of centrifugal casting may be 
classified as follows: ^ 


1. True centrifugal casting 

2. Semicentrifugal casting 

3. Centrifuging 

True centrifugal casting is used for pipe, liners, and symmetrical 
objects which are cast by rotating the mold about its horizontal or 
vertical axis. The metal is held against the wall of the mold by 
centrifugal force, and no core is required to form a cylindrical cavity 
on the inside. This method is illustrated by the casting machine 
shown in Figure 9, designed for the production of steel or cast-iron 
pipe. The wall thickness of the pipe produced is controlled by the 
amount of metal poured into the mold. 

Another example of true centrifugal casting is shown in Figure 10, 
which illustrates two methods that may be used for casting radial- 
engine cylinder barrels. The horizontal method of casting is similar 
to the process followed in casting pipe lengths, and the inside diame¬ 
ter is a true cylinder requiring a minimum amount of machining. In 
vertical castings the inside cavity takes the form of a paraboloid as 
illustrated by the figure. The slope of the sides of the paraboloid 
de|jends on the speed of rotation, the dotted lines at A representing 
a higher rotational speed than shown by the paraboloid B. In order 
to reduce the inside diameter differences between the top and bottom 

1 Aeknowl*dg«tnant is givan to tha Cantrlfagal Casting Company for supplying 
carlain illustrations usad in this discussion. 

2 S. D. Moilay, "Cantrifugal Casting of Staal," Mac6oa/eo/ Caginaarlag, Oetobur 
1944. 
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Rg. 10. Tni* emfrtfug«l rntthed of eottlng ndMl>oiidtiio eylinclor borroli. (Ceurtoty 
Amoricon Cost Iren Rpe Cempeny.) [ 


casting is usually solid, and the center cavity is machined out later 
or is formed by the metal passing down around the outside of a core. 
This method, often used in stack molding, is illustrated in Figure 11, 
where five track wheels are cast solid in one mold. The number of 
castings made in a mold depends on the size of the casting and the 
convenience in handling and assembling the molds. Rotational 
speeds for this form of centrifugal casting are not so great as for the 
true centrifugal process. The process produces a dense structure at 
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the outer circumCerehce where it is needed, while the center metal is 
machined out. 

In the centrifuge method several casting cavit'^es are located around 
the outer portion of a mold, and metal is fed to these cavities by 
radial gates from the center of the mold. Either single or stack 
molds can be used. The mold cavities are filled under pressure 



Rg. II. S«miemtrifug«l tfaek melding of Irnek wheelt. (Courieiy American Cast 
Iren Rpe Cempany.) 

from the centrifugal force of the metal as the mold is rotated. In 
Figure 12 are shown five castings made in one mold by this process. 
The internal cavities of these castings are irregular in shape and are 
formed by dry-sand cores. The centrifuge method, not limited to 
symmetrical objects, can produce castings of irregular shape, such as 
bearing caps or small brackets. For many years the dental profession 
has used this process for the casting of gold inlays. 

The average rotational speed for miscellaneous centrifugal cast¬ 
ings approximates 600 surface feet per minute (sfjnn), although for 
cast-iron pipe the speeds may be as high as 1250 sfpm. Too great a 
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speed may result in surface cracks caused by high stresses set up in the 
mold. The rotational speeds depends on the kind of mold used 
(whether sand or me^l), the manner of rotation (whether horizon* 
tal or vertical ), the size of casting, and the kind of metal being cast 
Centrifugal casting is more economical than other methods. Cores 
in cylindrical shapes and risers or feedheads are both eliminated. 



Rg. 12. C*iitrlfiig«d csitingt wHh Intenial eavltiM of Irraguior tkapow 

* 

The castings have a dense metal structure with all impurities forced 
back to the center where frequently they can be machined out. Be¬ 
cause of the pressure exerted on the metal, thinner sections can be 
cast than would be possible in static casting. Finally, any metal can 
be cast by this process. All castings, however, cannot be made cen* 
trifugally, since there are definite size and shape limitations. 

"Letf-wai” pnehha eatflug precMt. This process^ derives 
its name from the fact that the wax pattern used in the process is 
subsequently melted from the mold, leaving a cavity having all the 
details of the original pattern. The prot^s as originally practiced 
by artisans in the sixteenth century consisted of fonning the object in 
wax by hand. The wast object or pattern was then covered by a 
plaster investment. When this plaster became hard, the mold was 
heated in an oven, melting the wax and at the same time further 
drying and hardening the mold. The remaining cavity, having all 

*G. E. SImIimii. "Untqu* CMitrHugftl Sta*! CMting Mathed,” klutali & Allvft, 
AiigiHf 1944. 

^J. D. Wolfs, "Prodiien CosKngs for Ordnsneo and Aircraft,*' Mota/a ft Allvgt, 
Vel. It, October 1943. 
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the intricate detailii of the original wax form, was .then filled with 
metal. Upon cooling, the plaster investmei^ was broken away, 
leaving the casting. In large castings, such as statuary, 6 plaster cores 
were used to provide relatively thin walls in the casting. 

The procedure followed in the lost-wax process is first to prepare 
one or more master patterns of steel or brass which are replicas of the 



Fig. 13. Split ludLalloy mold shown with Rg. 14. Wai-poftorn assomUy Is shewn 
a wai pattern being lifted from it. pracoatad with silica flour suspended in 

suitable binder. (Courtesy General Elec- 
trie Company.) 


part to be cast. Using these patterns, a bismuth- or lead-alloy split 
mold is cast, similar to the one shown in Figure 13. The mold is 
properly finished and gated and is then ready for use in forming the 
wax patterns. In the forming operation, the mold is held in a water- 
cooled vise, and the heated wax is injected into it under considerable 
pressure. Thermoplastic-polystyrene resin is sometimes used in place 
of wax. Upon solidification, the wax patterns are removed from the 
mold and are ready for final assembly. 

Oflunvanuto Callinl't famous ehaptar on tha easting of his bronsa statue, Parsaus, 
eentalns much intarasttng infarmatien an methods of molding iis^ during tha Ranals- 
sanoa. Caliinl used a form of “lect-was” proeass. 
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In this operation several patterns are usually assembled with neces' 
sary gates and lisei^l and by heating the contact surfaces (wax 
welding) with a hot wire held to correct temperature by electrical 
resistance. The patterns are then ready to be placed in a metal flask 
and surrounded by a refractory plaster. This is done by pouring 
into the flask a finely ground refractory material, thinned by some 
mixing agent as alcohol or water. The general procedure is to dip 
or spray the pattern first with a fine silica-flour mixture to insure 
having a smooth surface on the castings (see Figure 14), and then 
to fill the flask with a coarser plaster mixture. After the plaster 
sets, the mold is placed upside down and heated in an oven for sev¬ 
eral hours to melt out the wax and to dry the mold. The final 
casting can be produced by gravity, vacuum, pressure, or centrifugal 
casting. Pressures ranging from 3 to 30 psi are generally used in the 
casting operation. When the mold has cooled, the plaster is bro¬ 
ken away. After gates and feeders are cut off, the castings are 
finally cleaned by grinding, sand blasting, or other finishing oper¬ 
ations. 

Advantages of precision casting are: (1) Intricate forms having 
undercuts can be cast. (2) A very smooth surface on casting is ob¬ 
tained with no parting line. (3) Dimensional accuracy is good. 

(4) Certain unmachinable parts can be cast to preplanned shape. 

(5) it may be used to replace die casting where short runs are in¬ 
volved. On the other hand, the process is expensive, is limited to 
small castings, and presents some difficulties where cores are involved. 

Pla§tmr~mold casting* The use of plaster as a casting investment 
has had limited use for many years, but recent improvement in its 
ability to dry quickly with sufficient porosity has greatly accelerated 
its use as a modern casting material. The molds are not permanent 
and are destroyed when the castings are removed. 

Patterns are made of a free-machining brass and are held to a close 
tolerance. They are assembled on bottom plates of standard-size 
flasks (usually 10 by 18 by 3 inches and 12 by 18 by 4 inches), as 
shown in Figure 15. Before receiving the plaster, they are sprayed 
with a parting compound. The plaster, which is made of gypsum 
with added strengtheners and settling agents, is dry-mixed, and water 
is added. It is then poured over the patterns, and the mold is vi¬ 
brated slightly to insure the plaster's filling all small cavities. The 
plaster sets in a few minutes and is removed from the flask by a 
vacuum head. All moisture is driven from the molds by baking them 
in an oven conveyor at a temperature around 1500F. These molds 
are shown in Figure 16 as they are emerging from the drying oven. 
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After pouring, the castings are removed by breaking up the mold, 
any surplus plaster being removed by a washing; operation. 

Mold porosity, for the removal of any gases developed in the mold, 
is controlled by the water content of the plaster. When the mold is 

dried, the water driven out 
leaves numerous fine passage¬ 
ways which act as vents. The 
amount of water added origi¬ 
nally is in excess of what is 
needed for setting of the 
plaster and provides the excess 
of voids needed for venting. 
In addition to having ade¬ 
quate porosity, plaster molds 
have the necessary structural 
strength for casting, plus 
enough elasticity to allow 
Rg. IS. Auambling rntt*! patNrnt in flmk. some contraction of the metal 
(Covrlnty Unlynnal CntHngi Cerpention.) during its cooling. 

Plaster molds are suitable 
only for nonferrous alloys having casting temperatures not much 
over 2100 F. Although plaster has proved to be an excellent mold 
material for yellow brass, cer¬ 
tain bronzes and aluminum 
alloys may also be used. The 
wide variety of small castings 
made by this process includes 
miscellaneous airplane parts, 
small gears, cams, handles, 
pump parts, small housings, 
and numerous other intricate 
castings. 

One of the principal advan¬ 
tages of plaster-mold casting 
is the resulting high degree of 
dimensional accuracy. This, 
coupled with the smooth sur¬ 
face obtained, enables the 
process to compete favorably 
with sand casting in producing parts requiring a considerable 
amount of machining. Because of the low thermal conductivity of 
plaster, the metal does not chill rapidly, and very thin sections may 



Rg. lb. Rntalwd platMr meldt eemtng from 
drying ovnn. (Courinsy UnivnrHl Cnstlngf 
Corporation.) 
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be cast There is little tendency towai^s internal porosity in plaster* 
mold castings, and no difficulty is experienced with sand or other 
inclusions. In general, the process competes more successfully with 
die casting using the high-temperature alloys such as brass rather 
than metals such as zinc and aluminum. At high temperatures, 
metal molds have a relatively short life: with plaster molds, which 
are used only once, the temperature is no problem. 

A tolerance of :i:0.005 inch can be maintained for simple castings: 
slightly more is required if the dimension crosses the parting line. 
The process can be used for both small and quantity production runs. 

Melds from mercury peffernc, A casting process utilizing frozen 
mercury and known as the Mercast process^ has been developed for 
the production of precision castings. A metal mold or die is first 
made of the part to be cast with the necessary gates and sprue hole. 
When assembled and ready for pouring, it is partially immersed in 
a cold bath and filled with acetone, which aas as a lubricant. As the 
mercury is poured into the mold, the acetone is displaced. Freezing 
takes place in a liquid bath held at around — 76 F and is complete in 
about 10 minutes. 

The patterns are then removed from the mold and invested in a 
cold ceramic slurry by repeated dippings until a shell about % inch 
thick is built up. Mercury is melted and removed from the shell at 
room temperature, and, after a short drying period, is fired at a 
hi^ temperature resulting in a hard permeable form. The shell is 
then placed in a flask, surrounded by sand, preheated, and filled with 
metal. Casting is usually done by the centrifugal method. 

Castings produced by this method are accurate in detail, have a 
smooth surface, and, for small castings, maintain a tolerance of 
:£:0.002 inch per inch. Both ferrous and nonferrous metals can be 
cast by this process, the maximum pouring temperature being around 
SOOO F Wide commercial use of this process is limited by the high 
cost of the castings. 

Skell melding preceuJ The mold in this process is made up 
of a mixture of dried silica sand and phenolic resin, formed into 
thin, half-mold shells .which are clamp^ together for pouring, as 
illustrated by the series of sketches in Figure 17. The sand, free 
from clay, is fint mixed with either urea or phenol formaldehyde 
resin (thermoplastic) and the mix then put into a dump box or 
blowing machine. A metal pattern must be used since it is preheated 
to a temperature around 450 F and sprayed with a silicone release 

* ProcMS eeiitroA«d by tin M«re«»f Corperatien, N«w York. 

^ ProooM erlgiiMlIy dovolopod by Jokoiiiios Croning of Hamburg Garmairy. 



114 


SreCIAL CASTING METHODS 


agent bef<H« being placed on top of the dump box. The box is then 
inverted^ causing the sand mix to drop on the pattern; and is held 
there for 15 to 30 seconds before it is returned to its original posi- 





Mutliiif mikI and mtn. 


Curing ftm fhullt on pattern. 




RMin.Mnd miitur* applind to pn/tem. 


Meld helyes ere aligned and joined. 




Eieen retin.iand material faili back in Melds are supported and poured, 

dump box. 

Rg. 17. Sehematie diagram el shell melding process. (Courtesy The Borden 
Company.) 


tion. The pattern, with a thin shell of sand, % to inch thick, 
adhering to it, is then plac^ in an oven and the shell cured 34 to 
1 minute until it is rigid. The shell is finally removed from the 








METHODS OF CASTING IN NONMETALUC MOLDS JIS 

patiern.by ejector pins and the mold halves assembled with clamps, 
resin adhesives, or other devices. They may then be put in a flask, 
supported against or^ another, or by some backing material such as 
shot or gravel. Some are poured while they are resting flat on the 
floor with a weight on top. 

Advantages claimed for this process include close tolerances 
(G.002 to 0.005 inch per inch), low cleaning costs, and smooth sur* 
faces. Little molding skill is necessary and the saiid requirements 
are low. Shell molding also can be readily adapted to automatic 
mechanization. Disadvantages are that the process requires metal 
patterns and fairly expensive equipment for making and heating 
the molds. Resin is an expensive binder, and little of the sand 
can be economically reclaimed. Most metals can be cast by this 
process, but the castings are usually small, seldom exceeding 
25 pounds. 

CO 2 mold hardoninq proton. The process of hardening molds 
and cores using CO 2 and a sodium-silicate liquid base binder has 
been widely used ih Europe for some time. Because of its inherent 
advantages and the rapid speed with which it hardens the sand, it is 
now being used in many foundries in this country. Briefly, the 
process consists of thoroughly mixing clean, dry silica or other con¬ 
ventional sand (AFS fineness number around 75) with to 5% 
sodium-silicate liquid base binder in a muller. It is then ready for 
use and may be packed in flasks and core boxes by standard molding 
machines, core blowers, or by hand. The sand should be free from 
moisture and clay, but in some cases other ingredients such as coal 
dust, pitch, graphite, or wood flour may be added to improve certain 
properties like collapsibility. 

When the packing is complete, CO 2 is forced into the mold* or 
core at a pressure of around 20 psi. The reaction is quite involved, 
but is usually repre^nted by the following simple chemical equation: 

Na^SiOg ^ CO 2 “ S 1 O 2 aq •4' Na 2 COg 

m 

The silica gel, which is formed, hardens and acts aS a cement to 
bond the sand grains together. The method of introducing the gas, 
important to the success of the process, must be simple, rapid, and 
uniform throughout the sand body, and not be cumbersome to apply. 
The time to harden a small or medium-size body of sand will range 
from 15-SO seconds. Overgassing is wasteful and results in deteriorat¬ 
ing the sand. For small cores a gasketed, funnel-shaped head may 
be placed over the core box. Larger molds may be hardened by 
placing a hood over the mold, by- running small tubes into the 



116 


SPECIAL CASTING MSmODS 


mold (as illustrated in Figure 18), or by introducing the gas into a 
hollow, vented pattern. 

Figure 18 shows diagrammatically the steps^ollowed in preparing 
a mold. In some cases the sprue b at the ends of the cope and 



(a) Rommed Mold (b) Hardening Mold 

With CO. 



(c) Mold Jacket (d) Assembled Mold 
Removed 

Fig. IS. SelMm«tic diagram of CO^ mold hardoning proeait. 

drag, and a number of molds may be book-stacked between end 
braces for pouring. 

Advantages claimed for this process include: 

1. Operation is speedy. 

2. No core baking equipment is involved. 

3. Core plates are unnecessary. 

4. Semiskilled labor can be used. 

5. Cores may be stored for long periods of time. 

6. A uniform sand may be used for both molds and core 
production. 

Factors which limit the use of this process are the difficulty in 
reclaiming used sand and the tendency of sand with a silica-base 
binder to air-harden to some extent if kept a long time. Poor col- 
lapsibility of molds ami cores will sometimes give trouble, but with 
proper additives this can be eliminated. This process may be used 
for both ferrous and nonferrous castings. 

MoMs other motorlah. Various materials such as rubber, 
paper, and wood can be used for molds of low-melting-temperature 
metals. Costume jewelry and similar small items are successfully cast 
in rubber molds.^ A two-piece rubber casing is vulcanized over a 

* Lupin, Paul, Jr., "Making Cast MoJalc in Kubbar Held*," MaeAeaice/ Engitwtring 
Juna 1945, 
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mold or pattern which, when complete, serves as the mt^d. Casting 
is by centrifugal means, and metal temperatures up to 600 F can be 
used. The flexibil^ of the mold permits intricate designs with 
undercuts, but close dimensional accuracy cannot be maintained. 
An alloy of 98% tin, 1% copper, and 1% antimony is frequently used 
in tliis work. 

Full-page newspaper type is cast in a mold (called a “mat”) upon 
which the type and illustration impressions have been made on 
damp paper. The type metal is poured into the mold after the paper 
is diy. End-grain wood may aUo be used as a mold material for 
low-melting alloys where only a limited number of simple castings 
are required. 

CentfnMous Casting 

Research and experimental work has proved that there are many 
opportunities for saving in the continuous casting of metals. Briefly, 
the process consists of continuously pouring molten metal into a 
mold, which has the facilities for rapidly chilling the metal to the 
point of solidification, and then withdrawing it from the mold. The 
following processes are typical of those in use or in the process of 
development. 

Aecfprocoflng mold proeo9§*^ In the process shown in Fig¬ 
ure 19, a reciprocating water-cooled cop^r mold is used, the down 
stroke being synchronized with the discharge rate of the slab. Mol¬ 
ten pnetal is poured into the bolding furnace shown and is discharged 
to the mold through a ^-inch tube at the rate of 20,000 pounds per 
hour. The molten metal is distributed across the mold from a 
submerged, horizontal crosspiece, the level of the metal being held 
constant at all times. The pouring rate of the molten metal is 
controlled by a needle valve through the top of the holding furnace. 
As the metal becomes chilled in the lower part of the mold, it is 
discharged at a constant rate and enters die withdrawing rolls. These 
are synchronized with the downward movement of the mold and are 
mounted* just above a circular saw which cuts the slab to required 
lengtlu. Brass slabs pr 9 duced by this process are further processed, 
by cold rolling, into sheets and strips. 

.4aarco procoBS.^^ The Asarco process, shown in Figure 20, 
differs from other continuous processes in that the forming die or 
mold is integral with the furnace and there is no problem of con- 

^Proeatt uxd by tha Scevill Mamifaeturing Company and a davaiopmmt of flw 
Junghant-Roui precats. 

10 This proeau in it* prasant staga if fha product of tha weHt of a numbor of 
eollaboraton. it hat baan da^^aiopad by tha Amarican Smatting and Raflniog Company. 
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trolling the flow o£ metal. The metal is fed by gravity into the mold 
from the furnace as it is continuously solidified and withdrawn by the 
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R 9 . 19. Rtcipreeating meld precew ef eentinueut tUb catting. (Ceurteiy Seevill 
Manufacturing Company.) 



Rg. 20. Aiaree proeaw for eentinueut eatt tkapet (d. S. Smart, Jr., and A. A. 
Smith, Jr., "Ataree Centinueut Catt Shapat," frea Age, September 22, 1949). (Ceun* 
teiy American Smelting I Refining Compeny.) 

rolls below. An impenrtant feature of this process is the water<cooled, 
graphite^foitning die, which is self-lubricating, has excellent resist- 
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ance to thennal shock, and is not attacked by copper-base alloys. 
The upper end, bein§ in the molten metal, acts as a riser and com¬ 
pensates for any shrinkage which might take place during solidifi¬ 
cation, while simultaneously acting*as an effective path for the 
dissipation of evolved gases. These dies are easily machined to shape, 
and products may be produced ranging from to 5% inches in 
diameter. Multiple production from a single die permits casting the 
small section rods. 

In starting the process, a rod of the same shape as that to be cast is 
placed between the drawing rolls and inserted into the die. This 
rod is tipped with a short length of the alloy to be cast. As the 
molten metal enters the die, it melts the end surface of the rod, form¬ 
ing a perfect joint. The casting cycle is then started by the drawing 
rolls, and the molten metal is continuously solidified as it is chilled 
and withdrawn from the die. When the casting leaves the furnace, it 
ultimately reaches the sawing floor where it is cut to desired length 
while still in motion. A tilting receiver takes the work and drops it to 
a horizontal position, and from there it goes to inspecting and straight¬ 
ening operations. 

The process has proved successful for phosphorized copper and 
many of the standard bronzes. The alloy compositions may be pro¬ 
duced with satisfactory commercial finish as rounds, tubes, squares, or 
special shapes. Physical properties are superior to pennaiient-mold 
and sand castings. 

Wniiamt eoii#ffiiioifs>cosf}ii9 precMS.'^ Developed for con¬ 
tinuous casting of carbon and alloy steels, this process utilizes thin- 
walled brass molds having cross-sectional areas up to 45 square inches. 
These molds are preferably oval in cross section. A small stream of 
metal is poured into the mold from an electric holding furnace at a 
rate controlled by the metal level in the mold. The mold must of 
necessity be constructed of a material having a high heat conductivity 
and one that is not easily wetted by the liquid metal. Rapid mold 
cooling is essential for the success of this process, and results in im¬ 
proved mold life, less segregation, smaller grain structure, and a 
better surface. Actually Che metal next to the mold wall solidifies only 
a few inches below the top surface and shrinks slightly from the 
mold sides. As the cast section leaves the cooled mold, it passes 
through a section that controls the rate of cooling and then to the 
drawing and straightening rolls. Below this point it is cut to length 
by an oxyacetylene torch and finally lowered to a horizontal position. 

Orieiiwl pctMta on this procan by L R. Williams. PreeMs now boiny dovolopod 
ioliiHy by Ropublie Stool Corporation and Babeock A Wiieoi Tuba Company. 
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Steel blooms and billets, produced by this process, have good crystal¬ 
line structure, little segregation, uniform sec^on, and a size close 
to that required for many rolling mills. 

Alcoa dfrocf-eftfff procoss.^^ This process consists of pouring 
molten aluminum from a holding furnace through a refractory 
trough into shallow, stationary molds, the bottoms of which rest on 
a hydraulic elevator. When the metal at the bottom of the mold 



Pig. 21. Catting aiuminum ingots by tho diraet-ehiH procatt. (Courtasy Aluminum 
Corporation of Amarica.) 

becomes chilled, the elevator drops at a rate of 2 to 5 inches per 
minute. As the ingots descend, they are sprayed with water to com¬ 
plete their solidification. This process is shown diagrammatically 
in Figure 21 although, in actual pruciiie, liiree ingots arc usually 
cast instead of two as shown. The shallow molds used arc made in 
sizes of 12 by 36 and 12 by 48 inches and are rectangular in shape, 
although other sizes and circular sha{)es can be cast ii desired. The 
length of the ingots is regulated to give a convenient size for rolling 
and is usually 136 inches. This process leaves a rough surface on the 
ingots which must be removed by milling before they can be further 
processed In the rolling mill. Most of the aluminum used in the' 
United States is cast by this process. 

Bstud on putunt of W, T. Enner, Novumbur 3, 1942. Proeuti d«v«iep«d «iid uiud 
by Aluminum Company of Amorica. 
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Dinet eotflng of sk—f IHtnmhff proctisl.i ^ Much work has 
been done in the attempt to cast various metals into sheet form 
between water-cooled^ rolls, as is done in the manufacture of glass 
by the continuous method. So far this process has not proved com¬ 
mercially srccessful, owing to the fact that the metal solidifies faster 
at the edges of the strip than at the center and, consequently, builds 
up a greater thickness at the edges than is desired. This forces the 
cooling rolls apart and changes the sheet thickness. Also, in casting 
solid-solution alloys, the process is affected by segregation problems, 
resulting ultimately in wide variations of metal analysis. Some 
progress has been made in the elimination of these difficulties by in¬ 
creasing rolling speeds and reducing the contact area that the metal 
has with the rolls. 


REVIEW QUESTIONS 


1. Describe (he process of permanent-mold casting. 

2. For what type of work is slush casting used? 

2. Define die casting. 

4. What are the advantages of the die-casting process over sand casting? 

5. Distinguish between hot- and cold-chamber methods of die casting. 

4. What is the difference between a multiple-cavity die and a combination die? 

7. What are the limitations of the hot-chamber method of die casting? 

8. What metals are usually die-cast by the cold-chamber process? 

7. List the principal metals or alloys used in die casting. 

10. What group of alloys are most widely used in die casting? 

11. Describe how mercury patterns ate used in making castings. 

12. What are the advantages and limitations of the shell molding process? 

13. State the differences between true centrifugal casting, semicentrifugal cast¬ 
ing, and centrifuging. 

14. How is cast-iron pipe made? Illustrate by sketch. 

15. What is the average lotational speed for centrifugal casting, and on what 
does the speed depend? 

14. State the advantages of centrifugal casting over other methods. 

17. Describe the “lost-wax” casting process. 

18. What alloys may lie cast in plaster molds? 

19. Compare the reciproCating-mold and draw-casting processes of continuous 
casting. 

28. Why are ferrous metals difficult to cast continuously? 

21. How are molds made by the CO 2 process? 

22. What process should be used to make the following: small zinc castings, 
statuettes, aluminum pistons, aluminum ingots, and small brass gears? 

W. Hamistt, Mtckaakal fsgfnMriAg, Vel. 61, 1939, p. 923. 
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HEAT TREATMENT 
OF STEEL 


Heat treatment is the operation of heating and cooling a metal in 
its solid state to change its physical properties. According to the 
procedure used, steel can be made hard to resist cutting action and 
abrasion, or it can be softened to permit further machining. With 
the proper heat treatment, internal stresses may be removed: grain 
size, reduced; toughness, increased; or a hard surface, produced on 
a ductile interior. The analysis of the steel must be known since 
small percentages of certain elements, notably carbon, greatly change 
the physical properties. 

Alloy steels owe their properties to the presence of one or more 
elements other than carbon, namely nickel, chromium, manganese, 
molybdenum, tungsten, silicon, vanadium, copper, and cobalt. Be* 
cause of their improved physical properties, they are used cmn* 
mercially in many ways not possible with carbon steels. 

The following discussion applies principally to the heat treatment 
of ordinary commercial steels, known as carbon steels. With this 
process, the rate of cooling is the controlling bsctor; rapid cooling 
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from above the critical range results in hard structure, whereas very 
slow cooling produces the opposite effect. ^ 



Iron-lron-Corbid* Oiagrom 

Under conditions of equilibrium, the knowledge of steel and its 
structure is best summarized in the iron~iron*carbide diagram shown 
in Figure 1. If a piece of 0.20% carbon steel is slowly and uniformly 
heated and its temperature recorded at definite intervals of time, a 
curve (as shown in Figure 2) may be obtained. Such a curve is 
called an inverse-rate curve, the abscissa being the heating rate or 
the time required to heat or cool the steel 10 degrees. The curve 
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is a vertical line except at those points where the heating or cooling 
rates show marked change. It is evident that at three temperatures 
there is a definite change in the heating rate. In a similar fashion 
these same three points again show upon cooling, but occur at 
slightly lower temperatures. Where structural changes occur these 
points are known as critical points and are designated by the symbols 
Acit Ac 2 , and Ac^. The letter c is the initial letter of the French 
word chauffage, meaning “to heat." The points on the cooling 



Time (In Minutes) to Heat 10 Degrees 

Rg. 2. Inv»m-rat« curve tor SAE 1020 ttaal. 

curve are designated by Ar^, Ar 2 , and Avg, the r being taken from 
the word refroidissement, meaning “to cool.” 

Certain changes which take place at these critical points are called 
allotropic changes. Altliough the chemical content of the steel re¬ 
mains the same, its property is changed. Principal among these are 
changes in electrical resistance, atomic structure, and loss of mag¬ 
netism. By definition, an allotropic change is a reversible change in 
the atomic structure of she metal with a corresponding change in the 
properties of the steel. These critical points should be known, as 
most heat-treating processes require heating the steel to a temperature 
above this range. Steel cannot be hardened unless it is heated to 
a temperature above the lower critical range and in ceruin instances 
above the upper critical. 

If a series of time-temperature heating curves are made for steels 
of different carbon contents and the corresponding critical points 
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plotted on a temperature^percent-carbon curve, a diagrani siniilar 
to Figure 1 would be obtained. This diagraip, which apfdies wily 
under slow cooling conditions, is known as a partial iron-iron-carbide 
diagram. By referring to this diagram one may readily observe the 
proper quenching temperatures for any carbon steel. 

Consider again the piece of 0.20% carbon steel which has been 
heated to a temperature around 1600 F. Above the Ar^ point this 

steel is a solid solution of car¬ 
bon in gamma iron and is called 
austenite. The iron atoms lie 
in a face-centered cubic struc¬ 
ture and are nonmagnetic. 
Upon cooling this steel, the 
iron atoms start to form a body- 
centered cubic lattice below the 
Ar^ point. This new structure 
that is being formed is called 
ferrite or alpha iron and is a 
solid solution of carbon in 
alpha iron. The solubility of 
carbon in alpha iron is very 
much less than in gamma iron. 
At the Ar^ point the steel 
becomes magnetic, and, as the 
steel is cooled to the Ari line, 
additional ferrite is formed. At 
the Ar line the austenite that remains is transformed to a new 

A 

structure called pearlite. This constituent is lamellar in appearance 
under high magnification, the lamellae being alternately ferrite and 
iron carbide. Called pearlite because of its "mother-of-pearl” appear- 
ancq, it is shown under high magnification in Figure 3. 

As the carbon content of the steel increases above 0.20%, the 
temperature at which the ferrite is first rejected from the austenite 
drops until, at about 0.80% carbon, no free ferrite is rejected from 
the austenite. This steel is called eutectoid steel and is 100% pearlite 
in structure composition. The eutectoid point in any metal is the 
lowest temperature at which' changes occur in a solid solution. If 
the carbon content of the steel is greater than the eutectoid, a new 
line is observed in the iron-iron-carbide diagram labeled Acm. The 
line denotes the temperature at which iron carbide is first rejected* 
from the austenite instead of ferrite. The iron Carbide (FesC) is 
known as cementite and is extremely hard and brittle. Steds con- 



Rg. 3. Stnietur* of SAE 1095 furue*- 
cooImI from 1550 F. Efehod in pieral. 
Shewing [■mollao of eomentito and ferrite In 
pearlite. Magnification X 1200. 




f. 0.79% Carbon 


f. Ml% Carbon 


Rf. 4 n»tomtero 9 mpbi of tron aaibon ailoyt ahowlnf fha ofFoet of lneroasln 9 ainoiiiih 
•f^barbon oo fba ilnictiira of tho mofai. (Cowfaty luraau of Standard) 
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taining lest carbon than the eutectoid are known as hypoeutectoid 
steels, and those with more carbon content are called kypermtectoid 
steels. * 

These steels, in structure, are shown in a series of photomicro* 
graphs in Figure 4. The first figure shows pure iron or ferrite. As 
the carbon content increases up to 0.79% carbon, the dark areas of 
the pearlite form and increase in quantity, while the white back* 
ground area of ferrite decreases and the sample is nearly all pearlite. 
In the sample containing 1>4]% carbon, the pearlitic area is smaller 
and the white background area is now cementite and ferrite. The 
maximum amount of cementite at 1.41% carbon would be about 11%. 
All these iron-carbon alloys have been cooled slowly to produce the 
constituents just described. 

Grain Sim 

All steel is crystalline in structure, and the size of these crystals 
or grains has an important effect on the quality of the steel. Molten 
steel, upon cooling, starts solidifying at many small centers or nuclei, 
the atoms in each group tending to be positioned in a similar fashion. 
The irregular grain boundaries, seen under the microscope after 
polishing and etching, are the outlines of each group of atomic cells 
that have the same general orientation. The size of these grains 
depends on a number of factors, the principal one being the furnace 
treatment it has received.* 

It has long been known that coarse-grained steels are less toug^ and 
have a greater tendency for distortion than those having a fine grain; 
however, they have better machinability and greater depth-harden¬ 
ing power. The fine-grained steels, in addition to being tougher, 
are more ductile and have less tendency to distort or crack during 
heat treament. Control of grain size is possible through regulation 
of composition in the initial manufacturing procedure, but after 
the steel is made, the control is through proper heat treatment. Alu¬ 
minum, when used as a deoxidizer, is the most important controlling 
factor during the manufacturing period since it raises the temperature 
at which rapid grain growth occurs. 

When a piece of low-carbon steel is heated, there is no change in 
the grain size up to the Ac^ point. As the temperature increases 
through the critical range, the ferrite and pearlite are gradually 
transformed to austenite, and, at the upper critical point, dcs, the 
average grain size is a minimum. Further heating of the steel causes 
an increase in the size of the austenitic grains, whidi in turn governs 
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the final size of the grains when cooled. Quenching from the Ac^ 
point would result i^ a fine-grained structure, whereas slow cooling 
or quenching from a higher temperature would yield a coarser 
structure. The final grain size depends entirely on the prior 
austenitic gram size in the steel at the time of quenching. 

Not all steels start growing lai^ge crystals immediately upon being 
heated above the upper critical range; some steels can be heated 
to a higher temperature with little change in their structure. A 
temperature known as a coarsening ten9perature is eventually reached, 
and grain-size increase becomes rapid. This is characteristic of 
medium-carbon steels, many alloy steels, and steels that have been 
deoxidized with aluminum. The coarsening temperature is not a 
fixed temperature and may be changed by prior hot or cold working 
and heat treatment. ^ Hot work on steel is started at temperatures 
well above the critical range, with the steel in a plastic state, and has 
the effect of refining the grain structure and eliminating any coarsen¬ 
ing effect due to the high temperature. Hot forging or rolling should 
not continue below the critical temperature. 

The principal method of determining grain size is by microscopic 
examination, although it may be roughly estimated by examination 
of a fracture. For microscopic determination it is necessary for the 
grain boundaries to be clearly outlined by some constituent. Low- 
carbon steels have ferrite precipitated from the austenite upon slow 
cooling, and the outlines of these grains can be clearly brought out 
by polishing and etching. Since a very slow cooling rate may pro¬ 
duce too much primary ferrite to permit evaluation of prior aus¬ 
tenitic grain size, a cooling rate must be employed such that the pro- 
eutectoid constituent is restricted to merely outlining the pearlitic 
regions. Likewise, for medium-carbon steels the former austenitic 
grain size would be represented roughly by the pearlitic area plus 
one-half the surrounding ferrite. Hypereutectoid steels will have the 
grain boundaries outlined by the cementite that is precipitated. 

An example of a large-grained steel is shown in the photomicro¬ 
graph in Figure 5. This specimen has been heated to an excessively 
high temperature, resulting in large grain growth and some crystal¬ 
line separation. Steel that has been “burnt” shows this separation 
owing to oxidation at the grain boundaries, and this cannot be 
remedied by heat treatment. The ateel can be rendered fit for com¬ 
mercial use only by remelting. 

1M. A. dreMHiAn, Siw In Mntnit wlfli Spnelal Rnfnrtnen to Grain Gwwifi 

In AnSmlt* " Tranfoe^oni ASM, Vol. 22 , no. 10, 1934. 
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Rg. 6. Cryif«ll{n« Mparatien «iid wcMtiv* grain tlw. Magnification X300. 

Hardtain^ 

Hardening i$ the process of heating a piece of steel to a tempera¬ 
ture within or above its critical range and then cooling it rapidly. 
If the carbon content of the steel is known, the proper temperature 
to which the steel should be heated may be obtained by reference to 
Figure 1, the iron-carbon diagram. However, if the composition of 
the steel is unknown, a little preliminary experimentation may be 
necessary to determine the range. A good procedure to follow is to 
heat and quench a number of small specimens of the steel at various 
temperatures and observe the results, either by hardness testing or by 
microscopic examination. When the correct temperature is obtained, 
there will be a marked change in hardness and other properties. 

In any heat-treating operation the rate of heating is important. 
Heat flows from the exterior to the interior of steel at a definite 
maximum rate. If the steel is heated too fast, the outside becomes 
hotter than the interior, and uniform structure cannot be obtained. 
If a piece is irregular in shape, a slow rate is all the mote essential to 
eliminate warping and cracking. The heavier the secticm, the longer 
must be the heating time to achieve uniform results. Even after the 
correct temperature has been reached, the piece should be held at that 
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temperature for a sufficient period of time to permit its thickest 
section to attain a uniform temperature. 

The hardness obtained from a given treatment depends ini the 
quenching rate» the carbon content, and the work size. In alloy 
steels the kir<d and amount of alloying element influences only the 
hardenability of the steel and does not affect the hardness except in 
unhardened or partially hardened steels. 

A very rapid quench is necessary to harden low- and medium- 
plain-carbon steels. For these steels, quenching in a water bath is a 
method of rapid cooling which is common practice. For high-carbon 
and alloy steel, oil is generally used as the quenching medium, be¬ 
cause its action is not so severe as that of water. Various commercial 
oils, such as mineral oil, have different cooling speeds and, con¬ 
sequently, impart different hardnesses to steel on quenching. For 
extreme cooling, brine or water spray is most effective. Certain 
alloys can be hardened by air cooling, but for ordinary steels, such 
a cooling rate is too slow to give an appreciable hardening effect. 
Large parts are usually quenched in an oil bath, which has the ad¬ 
vantage of cooling the part down to ordinary temperatures rapidly 
and yet is not too severe. The temperature of the quenching 
medium must be kept uniform to achieve uniform results. Any 
quenching bath used in production work should be provided with 
means for cooling. 

Steel with low carbon content will not respond appreciably to 
hardening treatments. The predominating constituent of such steel 
is ferrite, which is soft and not changed by the treatment. As the 
carbon content in steel increases up to around 0.60%, the possible 
hardness obtainable also increases. Above this point the hardness 
can .be increased only slightly, because steels above the eutectoid 
point are made up en^rely of pearlite and cementite in the annealed 
state. Pearlite responds best to heat-treating operations; any steel 
composed mostly of pearlite can be transformed into a hard steel. 

As the size of parts to be hardened increases, the surface hardness 
decreases somewhat, even though all other conditions have remained 
the same. There is a limit to the rate of heat flow through steel. 
No matter how cool the quenching medium may be, if the heat in¬ 
side a large pie« cannot escape faster than a certain critical rate, there 
is a definite limit to the inside hardness. However, brine or water 
quenching is capable of rapidly bringing the surface of the quenched 
part to its own temperature and maintaining it at, or close to, this 
temperature. Under these circumstances there would always be some 
finite depth of surface hardening regardless of size. This is not true 
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in oil quenching, when the surface temperature may be high during 
the critical ^ages of quenching. ^ 

Hardenahility is that property tA a steel which determines the 
depth and distribution of hardness obtained by the quenching treat¬ 
ment. Alloys increase the hardenability of steel and make it possible 
to harden small pieces uniformly from the outside to the inside. 
Because of this characteristic it is possible to harden alloy steels at 



Fig. 6. Struetun of 18-8 stainless steel, Fig. 7. Structure of SAE I09S sta^ 
water>quenched to show austenite. Lines water-quenched. Etched with Villella's 
ecused by hot rolling. Magnification X 125. reagent to show martensite. Magnifica¬ 
tion X562. 

a slower cooling rate than plain carbon steels. Therefore, alloy steels 
may be effectively hardened by quenching in oil instead of water. 

Cemfifaeiifa of hardoaod sfoei. It has been previously stated 
that austenite is a solid solution of carbon in gamma iron. All car¬ 
bon steels are composed entirely of this constituent above the upper 
critical point. The appearance of austenite under the microscope 
is shown in Figure 6 at a magnification of 100. Extreme quenching 
of a steel from a high temperature will preserve some of the aus¬ 
tenite at ordinary temperatures. This constituent is about one half 
as hard as martensite and is nonmagnetic. 

If a hypoeutectoid steel is cooled down slowly, the austenite is 
transformed into ferrite and pearlite. Steel having these constituents 
is soft and ductile. Faster cooling will result in a different con¬ 
stituent, and the steel will be harder and less ductile. A rapid 
cooling, such as a water quendi, will result in a martensitic structure, 
whidi is the hardest structure that can be obtained. Cementite, 
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Itlthough scmiewliat harder, is not present in its free state exoefHC in 
hypereuteaoid steels and then only in such small quantities that its 
influence on the harwess of the steel can be ignored. 

The essential ingredient of any hardened steel is martensite. 
A. Martens, a German scientist, fint recognized diis constituent about 
187S. Martensite is obtained by rapid quendung of carbon steels 
and is the transitional substance formed by the rapid decomposition 
of austenite. It is a supersaturated solution of carbon in alpha iron. 
Under the microscope it appears as a needlelike constituent, as 
may be seen in Figure 7. The hardness of martensite depends 
on the amount of carbon present and varies from Rockwell C45 to 
C67. It cannot be machined, is quite brittle, and is strongly mag¬ 
netic 

If steel is quenched at slightly less than the critical rate, a dark con¬ 
stituent with somewhat rounded outlines will be obtained. The name 
of this constituent is fine pearlite. Under the microscope, at usual 
magnifications, it appears as a dark unresolved mass, but at very high 
magnification a fine lamellar structure can be seen. Fine pearlite is 
less hard than martensite, having a Rockwell C hardness varying from 
S4 to 45, but is quite tough and capable of resisting considerable 
impact As the quenching rate is still further reduced, the pearlite 
becomes oarser and is definitely laminated under high magnification 
at slow rates of cooling. 

Masimam hardaau af ataal. The maximum hardness obtain¬ 
able in a given piece of steel depends on the carbon content Al¬ 
though various alloys such as chromium and vanadium increase the 
rate and depth-hardening ability of alloy steels, their maximum 
hardness* will not exceed that of a carbon steel having the same 
carbon content This fact is illustrated in the curve shown in Fig¬ 
ure 8, where Rockwell C hardness is plotted against percentage of 
carbon. This curve shows the maximum hardness that is possible for 
a given carbon percentage: To obtain maximum hardness, the car¬ 
bon must be completely in solution in the austenite when quenched. 
The critical quenching rate, which is the slowest rate of tnoling that 
will result in 100% martensite, should be used. Finally austenite 
must not be retained in any appreciable percentages, as it is con¬ 
siderably softer than martensite. 

The curve in Figure 8 is made up of test points from both alloy 
and carbon steels, and it may be seen that there is little variatum in 
the results. However, the same quenching rate cannot be used fear 
boeh alloy and carbrni steels of the same carbon content The maxi¬ 
mum obtained in any sted represents the h ard nes s of 
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Fig. 8. Maximum hardnau vanus carbon eontant. From "Quantitativa Hardaning,” by 
J. L Burnt, T. L Moora, R. S. Archar, Trontecftem ASM. Vot. XXVI, 1938. (Courtaty 
Amariean Soeiaty for Motalt.) 

martensite and is approximately 66 to 67 Rockwell. Carbon equal to, 
or in excess of, 0.60% is necessary to achieve this level. 

Anneoling 

The primary purpose of annealing is to soften hard steel so that it 
may be machined or cold-worked. This is usually accomplished by 
heating the steel to slightly above the critical temperature, holding 
it there until the temperature of the piece is uniform throughout, 
and then cooling at a slow rate. This process is known as full an¬ 
nealing because it wipes out all trace of previous structure and re¬ 
fines the crystalline structure in addition to softening the metal. 
Annealing also relieves internal stresses pieviously set up in the metal 
and removes gases trapped in the metal during the initial casting. 

When hardened steel is reheated to above the critical range, the 
constituents are changed back into austenite, and slow cooling then 
provides ample time for complete transformation of the austenite 
into the softer constituents. For the hypoeutectoid steels these con¬ 
stituents are pearlite and ferrite. It may be noted, by referring to 
the equilibrium diagram, that the annealing temperature for hy- 
pereutectoid steels is lower, being slightly above die 4% line.^ There 
is no reason to heat above the Acm line, as it is at this point that the 
precipitation of the hard constituent cementtte is started. All mai^ 
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tennte is clisiiiged into pearlite l»y heating above the lower caiticad 
range and slowly ycooling. Any free cementite in the steel is 
unaffected by the treatment. 

The temperature to which a given steel should be heated in an¬ 
nealing depends on its composition, and for carbon steek it can be 
obtained readily from the partial iron-iron-carbide equilibrium dia¬ 
gram shown in Figure 1. The heating rate should be consistent with 
the sue and uniformity of sections so that the entire part is brought 
up U> temperature as uniformly as possible. 

When the annealing temperature has been reached, the steel should 
be held there until conditions are uniform throughout. This usually 
takes about 45 minutes for each inch of thickness of the largest sec¬ 
tion. For maximum softness and ductility, the cooling rate should 
be very slow, such as allowing the parts to cool down with the fur¬ 
nace. The higher the carbon content, the slower must be this rate. 

Process annealitig, practiced in the sheet and wire industry between 
cold-working operations, consists of heating the steel to a temperature 
a little below the critical range and then cooling it slowly. This 
process is more rapid than the spheroidizing process and results in 
the usual pearlitic structure. It is similar to the tempering process 
but will not give so much softness and ductility as a full anneal. 
Also, at the lower heating temperature there is less tendency for the 
steel to scale or decarburize. • 

Normoliihm 

The process of normalizing consists of heating the steel about 
50 to 100 F above the upper critical range and cooling, in still air, to 
room temperature. This process is principally used with low- and 
medium-carbon as well as alloy steels to make the grain structure 
more uniform, to relieve internal stresses, or to achieve desired results 
in physical properties. Most commercial steek are normalized after 
being rolled or cast. 

Sph t r o idhi ng 

Sphermdtzing is the process of producing a structure in which the 
oemenUte is in a spheroidal distribution as shown in Figure 9. If 
a steel is heated slowly to a temperature just below the critical range 
and held there for a prolonged period of time, thk structure will be 
obtained. It may also be accomplished by alternately heating and 
CQoU^ between temperatures that are just above and below the Ac^ 
range. The globular structure obuined gives improved machina- 
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bilxty to the steel. This oeatment is particularly usehil for hyper^ 
eutectoid steels that must be machined. 


Tonparhifi 

Steel that has been hardened by rapid quenching is brittle and not 

suitable for most uses. By 
tempering or “drawing/* the 
hardness and brittleness may 
be reduced to the desired 
point for service conditions. 
As these properties are re* 
duced, there is also a decrease 
in tensile strength and an 
increase in the ductili^ and 
toughness of the steel. The 
operation consists of the re* 
heating of hardened steel to 
some temperature below the 
critical range, followed by any 
rate of cooling. Although thi^ 
process softens steel, it differs 
considerably from annealing 
in that the process lends itself 
to close control of the physical 
properties and in most cases does not soften the steel to the extent 
that annealing would. 

Tempering is possible because of the instability of the martensite^ 
the principal constituent of hardened steel. At about 400 F this con¬ 
stituent will start to break down to the softer constituents. Low 
draws from 300 to 400 F do not cause much decrease in hardness and 
are used principally to relieve internal strains. As the tempering 
temperatures are increased, the breakdown of the martensite takes 
place at a faster rate, and at about 600 F the change to a structure 
called tempered martensite is very rapid. The tempering operation 
may be described as one of precipitation and a^lomeration, or 
coalescence of cementite. A substantial precipitation of cementite 
begins at 600 F, which produces a decrease in hardness. Increasing 
the mmperatiue causes coalescence of the carbides, with continued 
decrease in hardness. Alloying elements have a profound influent 
on tempering, die general effect being to retard the softening rate so 
chat alloy steels will require a higho' tempering temperature to 
produce a ^ven hardness. 



Rg. 9. SAE I09S stMl qinnelMd from IBSO F 
and tmnpnnMi at I2S0 F I houra. Struehm 
b tplwroldlsad ca m a n t it a In a farrfffe matrli. 
Magnification X 900. * 
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la the process of temperiii^ acmie oomidaradon should be giivn to 
time as well as to^tempenture. Althoi^ most of the softening 
action occurs in the fine fav minutes after the temperature is reached, 
there is some addidonal reduction in hardness if the temperature is 
maintained for a prolonged time. Usual practice is to heat the steel 
to the desired temperature and hold it there only long enough to 
have it uniformly heated. 

Infe rra pted QmmIws 

The convendonal method of hardening and tempering steel just 
described is illustrated by the time-temperature curve shown in Fig¬ 
ure 10. In another process, known as martempering, the steel is 
quenched from the austenite region to a temperature just above that 
where marteiuite staru to form. The steel is held at this temperature 
long enough to enable the surface and the center of the piece being 
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treated to come to the same temperature. When this occurs, the piece 
is usually cooled in air to room temperature, thus forming martensite. 
The temperature at which the steel is held varies with the carbon 
and alloy content, although for steels containing around 0.40% 
carbon tte temperature is 400 F. The main purpose of martemper- 
ing is to minimise distortion, cracking, and internal stresses that 
result from normal quenching in oil or water. 

The process of amtempering is depicted in Figure 11. Steel is 
heated to a temperature above the critical range until it is all con¬ 
verted to austenite. It is then quenched into a molten salt or 
metal bath held at some predetermined temperature ranging from 
S50 to SOO F and held there for a definite period of time until the 
transfimnation is cmnplete. The structure obtained is called bainite. 
Under the microscope this structure is similar in appearance to 
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martensite, etching somewhat darker. Although the steel is of the 
same hardness, it u tougher and more ductile ||han quemhed and 
tempered steel. 



Isec. ImiR. Ihr. IdsylmlLlnm. 

Time on logarithmic scale 


FI 9 . 12. Th* procMt of «iitt«nif» tranrfemMtien at eeiMtant tamparatum. (Ceortaijf 
Carnagla-tlltnah Staal Carparatien.) 

The foundation for the austempering process is based upon in* 
vestigation of austenitic transformation at constant temperatures. 
It is represented diagrammatically by the S curve in Figure 12. 
This figure is drawn for steel of eutectoid composition, but is sknilar 
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to curves of other carbon and alloy steels. Because of the long in¬ 
tervals required fo% some transformations, the temperatures are 
plotted against time on a logarithmic scale. The distance between 
the two cunres indicates the time required for complete transforma¬ 
tion from austenite to the final constituent. This constituent will 
depend upon the rate of quench and the temperature at which it 
is held. Above the upper hump in the curves it will be pearlite; 
from S50 to 800 F, bainite; and below the lower hump, martensite. 
Them constituents vary in structure within each range, and the 
change is gradual from one to the other. Because of the curves 
extending far to the left at the upper hump, steel must be rapidly 
quenched to the desired transformation temperature to clear the 
curve and eliminate the formation of some pearlite. Most alloying 
elements in steel have the effect of shifting the curves to the right, 
thus allowing more time to harden the steel fully without hitting the 
upper bend of the curve. This increase in hardenability of the steel 
permits the hardening of thicker sections than would otherwise be 
possible. Complete austempering is limited to steels of a site that 
can be quenched at a rate that will not cut through this portion of 
the curve. Howevmr, large seaions will be benefited by having a 
hard tmigh surface of bainite with fine pearlite at the interior. This 
process is widely used for treating such articles as small tools, springs, 
lock washers, firearm parts, link chains, .shovels, and miscellaneous 
machinery parts. 

Sirfoc* Hardening 

CarbarMag, The oldest known method of producing a hard 
surface on steel is case hardening or carburizing. This process, in 
brief, is merely heating iron or steel to a red heat, in contact with 
some ou-bonaceous -material. Iron, at temperatures close to and 
above its critical temperature, has an aflEunity for carbon. The carbon 
enten the metal to form a solid solution with iron and converts the 
outer surface into a high-carbon steel. ' 

The steel used for this process is usually a low-carbon steel of about 
0.15% carbon, which dods not respond appreciably to heat treatment. 
In tite course of the process, the outer layer is converted into a high- 
carbon steel with a content ranging frmn 0.9% to 1.2% carbon. If it 
receives proper heat treatment, it will have an extremely hard 
surface on the outside and a soft ductile center. 

This process is merely one of changing the carbon content of the 
surface steel, which makes it possible to obtain difiEerent (dijnical 
Jfnoperties in a ^ven piece of steel. A steel with varying carbon con- 



m HiATTRSAIMiNTO^fim 

tent and, cxmiequently, different critical temperatures requires a 
special heat tteatment. Since there is some gre|n growth in the sted 
during the prolonged carburizing treatment, the work should be 
heated to the critical temperature of the core and then cooled, thin 
refining the core structure. The steel should then be reheated to a 
point above the transformatimi range of the case (die) and quenched 
to produce a hard, fine structure. The lower, heat-treating tempera¬ 
ture of the case results from the fact that hypereutectoid steels are 
normally austenized for hardening just above the lower critical. A 
third tempering treatment may be used to reduce strains. 

Mffrldfsf. Nitriding is somewhat similar to ordinary case harden¬ 
ing, but it uses a different material and treatment to create the 
hard-surface constituents. In this process the metal is heated to a 
temperature of around 950 F and held there for a period of time, in 
contact with ammonia gas. Nitrogen from the gas is introduced 
into the steel, forming very hard nitrides, which are finely dispersed 
through the surface metal. 

It has been found that nitrogen has greater hardening ability with 
certain elements than with others; hence, special nitriding alloy steels 
have been developed. Aluminum, in percentages of 1 to 1^, has 
proved to be especially suiuble in steel, since it combines with the gas 
to form a very suble and hard constituent. The temperature of 
heating ranges from 850 |o 1200 F, although 960 to 975 F is the 
temperature rai^ generally used. 

The nitriding process develops extreme hardness in the surface of 
steel. This hardness ranges from 900 to 1100 Brinell, which is con¬ 
siderably higher than that obtained by ordinary case hardening. 
Nitriding steels, by virtue of their alloying content, are stronger than 
ordinary steels and respond readily to heat treatment. It is recom¬ 
mended that these steels be machined and heat-treated befene nitrid- 
ing^ because there is no scale or further work necessary after this 
process. Fortunately, the structure and piopeities aie not affected 
appreciably by the nitriding treatment, and, since no quenching is 
necessary, there is little tendency to warp, develop cracks, or change 
condition in any way. The surifece effectively resisu corrosive action 
of water, saltrwater spray, alkalies, crude oil, and natural gas. 

Nitriding i| used on many automotive, airplane, and diesel-mgine 
wearing parts, as well as on numerous miscellaneous parts, such as 
pump shafts, gages, drawing dies, gean, clutches, and mandrels. Its 
use is limited by the expense necessary for the treatment and the 
compaiatively thin case obtained (0.001 to 0.005 inch^ 
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CftmUhf, Cyaniding If a {»om whidi combines the abtorp* 
tkm of carbon and ni|)rogen to obtain surhux hardness in low*carbon 
steels that do not respond to ordinary heat treatment The part 
to be case-hardened is immersed in a lath of fused, sodium cyanide 
salts at a temperature of approximately 1600 F, the time of s^ing 
depending on the depth of case. The part is dien quenched in 
water or oil to obtain a hard surface. Case depths of 0.005 to 0.020 
inch may be readily obtained by this process. Disadvantages are the 
toxicity of the salts used and tlw size limitation of the parts that cap 
be treated. 

Indaction Hardtafaif 

In recent years the use of induced electric current has had wide¬ 
spread acceptance by industry. Principal applications fcnr this 
method of heating include melting of metals, hardening and other 
heat-treatment operations, preheating metals for hot work, and heat¬ 
ing for sintering, brazing, and similar operations. High-frequency 
alternating current obtained from motor generator sets, mercury-arc 
converters, spark-gap oscillators, or vacuum-tube oscillaton are used 
for this type of heating. Although there are different power and 
frequency limitations for each type of equipment, most do not 
exc^ fluencies of 500,000 cycles. 

Induction heating has proved satisfactory for many surface harden¬ 
ing operations as requir^ on crankshafts and similar wearing sur¬ 
faces. It differs from ordinary case-hardening practice in that the 
analysis of the surface steel is not changed, the hardening being 
accomplished by an extremely rapid heating and quenching of the 
wearing surface which has no effect on the interior one. The hard¬ 
ness obtained in induction hardening is the same as that obtained 
in conventional treatment and depends on carbon content. 

An inductor block, acting as a primary coil of a transformer, is 
placed around, but not touching, the journal to be hardened. A 
high-frequency current is passed through this block, inducing a cur¬ 
rent in the surface of the bearing. The heating effect is due to 
induced eddy currents and hysteresis losses in die surface materiaL 
As the steel is heated to the upper critical range, the heating effea of 
these losses is gradually decreased, thereby eliminating any possibility 
of overheating the steel. The inductor block surrounding the heated 
surface has water connections and numerous small holes on its inside 
surface; and, as soon as the steel has been brought up to the proper 
temperature, it is automaticaUy spray-quenched unto pressure. 
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An important feature of this method of hardening is its rapidity 
of action, since it requires only a fem seconds tq heat steel to a depth 
of ^ inch. The actual time will depend primarily upon the fire* 
quency used, power input, and depth of hardening required. Al¬ 
though the equipment cost is high, it is offset by the advantages of 
the process, which include fast operation, freedom from scaling, clean 



Rg. 13. S*etion pf an induction-hardanad erankpin baaring. (Ceurtaty Tha Ohio 
Crankdiaft Company.) 

operation, little tendency for distortion, no manual handling of hot 
parts, and low treating cost. Medium-carbon steel has proved satis¬ 
factory for parts, and the nature of the process has practically 
eliminated the necessity for using costly alloy steels. Figure 13 
illustrates the local heating obtained in a hardened erankpin bearing 
which has been induction-hardened. 

noino hardenliif 

Flame hardening, like the induction-hardening process, is based 
on rapid heating and quenching of the wearing surface. The heat¬ 
ing is accomplished by means of an oxyacetylene flan^, which is 
applied for a sufficient length of time to heat the surface above the 
critical temperature of the steel. Integral with the flame head are 
water connections which cool the surface by spraying as soon as the 
desired temperature is reached. By proper control, the interior 
surface is not affected by the treatment, the depth of the case being a 
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fimaioii of the heatup time and fiame imperature. Figure 14 shows 
an etched cross section^of a gear tooth and the hardened areas. 

Several methods are employed in this process. In the staticmary 
method of spot hardening, both torch and work are stationary, and 
the effect is local. In progressive harden¬ 
ing, the flame and work move with respect 
to one another as, for example, in rail 
hardening. As the flame progresses, the 
work is immediately quenched behind the 
flame. Spinning or rapidly rotating cir¬ 
cular work may be used, employing one 
or more flames. As soon as the work is 
brought up to the proper temperature, it 
is quenched while rotating. This method 
is usually applied to fairly small work 
when the heating time is short. Spinning 
may also be used in connection with a 
progressive movement of the torch along 
the side of the work. 

With this process, hard surfaces having 
a ductile backing may be obtained, large 

pieces may be treat^ without heating the entire part, the case 
depth is easily controlled, the surface is fr^ of scale, and the equip¬ 
ment is portable. 



Rg. 14. Ssetion through a 
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ebtainad by llama hardening* 
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uetf Company.) 


RIVIIW QUISTIONS 


1. What are the prindpal microcomtltuents found in aU annealed steelsP 

2. DeKribe what takes place when an allotropic change occurs in steeL 
t. What changes take place in steel at the critical points? 

4. Describe the process known as hardening. 

I, What is nuutensite? How does it appear under the microscope 
A. What determines the maitiiniitn hardness that can be obtained in a piece 
sted? 

7. What is .meant by each of the following terms: eutectidd. pearlite, cementite, 
austenite, and alpha feirite? 

t* What microconstituents will be found in annealed OJiO% carbem sted? 
1 carbon sted? 

t. What is the purpose of annealing, and how is it dond 

10. Distinguish between normalizing and spheroidizing. 

11. How b martempering done, and why is it used? 

12. What is the difference between austempering and onUnary tempering? 

IS. Describe the process ot carburizing. 

14. For what type of work is cyaniring used? 
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II. What is aicridfaig. and what advimtagBs doca the |«o c Mi have over 
cartNixiaini^ 

11. How h i n duc t ion hardening aoooni|diihed? 

IT. Describe Uie methods used in flame hardening. 

It. How docs a variathm in grain siie alfect the properties of stedi 
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POWDER 

METALLURGY 


Powder metallui^gy is the art o£ producing commercial products 
from metallic powders by pressure. Heat, whidi may or may not 
be used in the process, must be kept at a temperature below the melt¬ 
ing point of the powder. The application of heat during the process, 
or subsequently, is kitown as sintering and results in bonding the fine 
particles together, thus improving the strength and other properties 
of Uie finished product. Products made by powder metallurgy are 
frequently alloyed or contain nonmetallic constituents to improve the 
bonding qualities of the particles or to improve certain properties 
or characteristics of the final product. Cobalt, or some other metal, 
is necessary in the bonding of tungsten carbide parddes, whereas 
graphite is added with bearing-metal powders to improve the lubri- 
cadng qualides of the finished bearing. 

Metal in powder form is higher in cost than in solid form, and the 
process which muu produce in large quantides economically requires 
expensive dies and machines. This higher cost is often jusdfied by 
the unusual properties olnained. Some products cannot be made by 
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any otheir proceu; others made by this process compete fovorably with 
their counterparts made by other methods, Jiecause the close toler¬ 
ances maintained in this process eliminate the necessity of any further 
processing. 

Impertanf Cbaraeterliticf of Motoi Powdtn 

Since the particle size, shape, and size distribution of metal powders 
have definite effects on the characteristics and physical properties of 
the compacted product, powders are produced according to specifica¬ 
tions, such as structure of shape, fineness, particle-size distribution, 
flowability, chemical properties, compressibility, apparent specific 
gravity, and sintering properties. 

The shape of a powder particle, depending largely on how it was 
produced, may be spherical, ragged, dendritic, flat or angular. Fine- 
ness may be determined by passing the powder through a standard 
sieve or by microscopic measurement. Standard sieves ranging from 
100 to 325 mesh are used for checking sizes and also for determining 
particle-size distribution within that range. Particle-size distribution 
has considerable influence in determining the flowability and appar¬ 
ent density, as well as the final porosity, of the product. Once it is 
esublished for a product, it cannot be varied appreciably without 
affecting the size of the compact. Flowability is that characteristic of 
a powder which permits it to flow readily and conform to the mold 
cavity. It can be descrif>ed as the rate of flow through a definite 
orifice. Chemical properties have to do with the purity of the 
powder, amount of oxides pennitted, and the percentage of other 
elements allowed. Clean surfaces on particles are essential for attain¬ 
ing desired mechanical properties. Compressibility of powders, 
which varies considerably, is influenced by the particle-size distribu¬ 
tion and shape. Dependent on this characteristic is the green strength 
of the powders which must be sufficient to hold the pressed forms 
together in the manufacturing operations. Compressibility is the 
ratio of the volume of initial powder to the volume of the compressed 
piece. The apparent density or specific gravity of a powder may be 
expressed in grams per cubic centimeter. As the apparent density 
decreases, it is necessary to use more powder to produce a part. It 
should therefore be kept constant so that the same amount of powder 
can be fed into the die each time. Sintering ability should be good 
and should not require too narrow a temperature range. Procedures 
for testing most of the foregoing characteristics may be found in 
ASTM and Metal Powder Association Standards. 
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. Although all metals can be produced in the powder form, only a 
few find wide application in the manufacture of pressed-metal parts. 
Some lack the desired characteristics or properties de.Hcribed above 
which are necessary for economical production. The two principal 
kinds in use are the iron- and copper-base powders. Both lend them¬ 
selves well to this process and are produced in a wide variety of alloys. 
Whereas bronze is used in porous bearings, brass and iron arc more 
often used in small machine parts. Other powders of steel, nickel, 
silver, tungsten, and aluminum alloys have a limited but important 
application in the field of powder metallurgy. 

All metal powders, because of their individual physical and chem¬ 
ical characteristics, cannot be manufactured in the same way. The 
procedures vary widely, as do the sizes and structures of the particles 
obtained from the various processes. Machining results in coarse 
particles and is used principally for producing magnesium powders. 
Milling processes, utilizing various types of crushers, rotary mills, and 
stamping mills, break down the metals by crushing and impact. 
Brittle materials may be reduced to irregular shapes of almost any 
fineness by this method. The process is also used in pigment manu¬ 
facture for ductile materials, where flake particles are obtained, an 
oil being used in the process to keep them from sticking together. 
Shotting is the operation of pouring molten metal through a sieve 
or orifice and cooling by dropping into water. Spherical or pear- 
shaped particles are obtained by this process. Most metals can be 
shotted, but the size of the particles is too large in many instances. 
Atomization, or the operation of metal spraying, is an excellent means 
of producing powders from many of the low-temperature metals such 
as lead, aluminum, zinc, and tin. The particles are irregular in shape 
and are produced in man\ sizes. A few metals can be converted into 
small particles by rapidly stirring the metal while it is cooling. This 
process, known as granulatim, depends on the formation of oxides 
on the individual particles during the stirring operation. Electro¬ 
lytic deposition is a common means for processing copper, iron, tan¬ 
talum, silver, and several other metals. The characteristic structure 
obtained by this method is dendritic, and the apparent density is low. 
The reduction method, economical for some metals, reduces metal 
oxides in powder form by contact with a gas at temperatures below 
the melting point. Tungsten, iron, molybdenum, nickel, and cobalt 
are produced commercially by this |vocess. 
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Various ocher methods involving pfeci|Mtatton, condensadon« and 
other chemical processes have been develop^ for producing jpow- 
dered metals. Tliese methods, as well as some of those previcmsly 
mentioned, are not widely used but prove satisfactory for some metal^ 

Prottlag to Strap* 

Powder for a given product must be carefully selected to insure 
economical production and to obuin the desired properties in the 
final compaa. If only one powder is to be used and the particle size 
distribution is right, no additional processing or blending will be 
necessary before pressing. In some cases various sizes of powder par¬ 
ticles are mixed together to change sudi characteristics as fiowabiiity 
or density, but most powder is produced with sufficient particle-size 
variation. Mixing or blending becomes necessary in production 
when the powders are alloyed or when nonmetallic particles are 
added. Any mixing or processing of the powder must be done under 
favorable conditions to prevent oxidation or defects. 

Practically all powders have lubricants added in the blending oper¬ 
ation to reduce die wall friction and to aid in the ejection. Although 
these lubricants add to the porosity, they permit a greatly increased 
production rate and are necessary in presses using automatic powder 
feed. Lubricants may include stearic add, lithium stearate, and 
powdered graphite. If hand feeds are used, the lubricant can be 
omitted in the powder ahd the die cavity coated manually. 

Powders are pressed to shape in steel dies under pressures ranging 
from a few thousand to 200,000 psi. Because the soft particles can 
be pressed or keyed together quite readily, powders that are {Mastic 
do not require so high a pressure as the harder powders to obtain 
adequate density. Quite obviously, the density and hardness increase 
with the pressure, but in every case diere is an optimum pressure 
above which little advantage in improved properties can be obtained. 
Owing to the necessity for strong dies and large capacity presses, pro¬ 
duction costs increase with high pressures. 

Many of the commercial presses developed for other materials are 
adaptable for use in powder metallurgy- Though mechanically oper¬ 
ated presses are generally used because of their high rate of prodoc- 
timi, hydraulic presses may be employed if the part is large and hig^ 
pressures are required- The single-punch press and the high-speed 
rotary multiple-punch press are designed so that their operation, from 
the filling of the cavity with powder to the ejection of the finished 
compact, can be either a continuous or a single cycle. Rota|;y table 
presses have a high rate of production, since they are equipped with 
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a scries of die cavities, each {Hrovided With top and bottom ptmchei 
In the course of production the table indexes around, and the opera¬ 
tions of filling, pressing, and ejecting the product, are accomplished 
at the various stations. The presses are designed with 6 to 35 stations, 
and production rates up to 1000 compacts per minute can be ob¬ 
tained. A simple punch and die arrangement for compacting metal 



Loading Position Briquetting Complete 


Fig. I. SImpU punch end die errengement fer eempaetlng metal powder. 

powder is shown in Figure 1. Two punches are involved, an upper 
punch which conforms to the top shape of the part, and a lower 
punch which conforms to the lower end of the die cavity. The lower 
punch also acts as an ejector to remove the briquetted part from the 
die. The die cavity must be very smooth to reduce friction and must 
also be provided with a slight draft to facilitate removal of the part. 
Wall friction prevents much of the pressure from being transmitt^ to 
the powder, and, if pressure is exerted only from one side, there will 
be considerable variation in density from top to bottom. This 
accounts for the use of both top and bottom punches in most dies. 
The travel of the punches depends upon the compression ratio of the 
powder, which, for iron and copper, is rou^ly 3 to 1. The die cavity 
if filled level to a depth three times the height of the finished com¬ 
pact. The ejected part, known as a green compact^ resembles the 
finished part, but has only the little structural strength derived from 
the interlocking of the power particles obtained by compression. 
Final strength is obtained by sintering. 

A recent development in powder metallurgy is the centrifugal com- 
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fAieting of heavy metal powden to obtain imifonn density. Molds 
are filled with the powder and then centrifuged to provide pressures 
around 400 psi. Uniform density is obtained^since the centrifugal 
force acts independently on each particle of powder. Upon removal 
from the molds the compacts are processed the same as pressed com¬ 
pacts. The use of this technique is limited to parts made of heavy 
powders such as tungsten carbide. Parts made in this way should be 
of nearly uniform section, since small irregular thicknesses are not 
successfully compacted. Otherwise the process yields products low In 
cost, uniform in density, and having a strength comparable to other 
methods of manufacture. 

Green compacts for tungsten and molybdenum powders have also 
been made by preparing them as a slurry and pouring them into a 
plaster-of-Paris mold. Upon drying, they are processed in the usual 
manner. Such procedure is simple and permits considerable varia¬ 
tion as to size or shape. 

A press setup for compacting small pinions from metal powders is 
shown in Figure 2. Many products similar to this are entirely com¬ 
pleted by the pressing operation and require no further processing 
other than sintering. The sintering operation increases the strength 
and improves the crystalline structure. 

Siatorinf 

The operation of heating a “green compact" to an elevated temper¬ 
ature is known as sintering. As previously stated, it b the process by 
which solid bodies are bonded by atomic forces. Baeza^ states that by 
the application of heat the particles are pressed into more intimate 
contact, and the effectiveness of surface-tension reactions is increased. 
Plasticity is increased, and there is a possibility that better mechan¬ 
ical interlocking is produced by building a fluid network. Also, any 
interfering gas phase present is removed by the heat. The tempera¬ 
tures used in sintering are usually well below the melting point of the 
principal powder constituent but may vary over a wide range up to 
a temperature just below the melting point. Tests have proved that 
there is usually an optimum sintering temperature for a given set of 
conditions, with nothing to be gained by going above this tempera¬ 
ture. Aside from the temperature, other factors in sintering are time 
and atmosphere. The time element varies with different metals, but 
in most cases the effect of the heating is complete in a very short time, 
and there b no economy in prolonging the operation. Aunosphere is 
nearly always important, as the product, teing made up of small 

^ W. J. Isms, A CevrM h fowdtr ht&hilliirwi ksinItoM Compaiiir, 1943. 
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partidea. has a lai^ge surface area expos^ The problem is to provide 
a fuicabte atmospheri|of some reducing gas or nitrogen to provent the 
formation of undesirable oxide films during the process. 



Rg. 2. Pressing smsil pinions from pewdorod mtfoL (Ceurfoty Moroino Produeh 
Division of Gonorol 'Motors Corporofion.) 


Furnaces for sintering may be either the batch or continuous type. 
The continuous type, which has a wire mesh belt to carry the com* 
pacts through the furnace, is shown in Figure 3. Pusher and roller 
hearth furnaces are also used and are similar in appearance. There 
is always some dimensional change in the operation of sintering; it 
may be eithor a growth or a shrinkage. ^ What happens depends on 
the shape and particle-size variation of the powder, the powder com¬ 
position, sintering procedure, and briquetting pressure. Accurate 

P. Keahrffig, "Stnttrfng AtmeiptwrM for PredueHon PurpotM.'' Poirdw 
AiMrt««» Seclafy for MMah, 1942. 
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size is maintaitied by compensating for the change in msdung the 
green compact and then mainuining uniform conditions. 


Exhoutt 

Hood 


•Hoolino Elomonta 
'Thermocouplos 



*■.— -u. . . u 11 H ■ M U U 

' LoodingEnd U —Hooting Zone - *1* Cooling Zono—^ 

Hg. 3. CenfinuoiM-typ* furnac* for tliflorliig powdor motol eempacti. 


Hot Proufaif 

Many attempts have been made to combine the pressing and sinter¬ 
ing operations. Experiments have demonstrated that this method 
can produce compacted products with improved strength and hard¬ 
ness, greater accuracy, and higher densities than the products ob¬ 
tained by the usual methods. Factors which limit its greater use 
include high cost of dies, difficulties in heating and atmcMpheric con¬ 
trol, and the length of time required for the cycle. Hot pressing is 
used to some extent in the manufacture of cemented carbides, but in 
most cases attempts to combine sintering with pressing have not met 
with success. 

Sbhigi Md Ftoithhif OperafloM 

Products requiring close tolerance or sizing may necessitate a final 
operation such as coining, hot pressing, or swaging. All these opera¬ 
tions increase the density by closing the penes and give added strength 
to the part. It is also possible to close the voids by infiltration, the 
introducjtion of molten metal into the sintered compact by capillary 
attraction. This procedure results in improved physical properties 
by eliminating the voids which act as interna) notches. For suc¬ 
cessful results the infiltrate should have a much lower melting point 
than the compact and the operation should be done as quickly as 
possible. The infiltration of copper into iron is a good example cd 
this procedure. 

All pressed-metal parts may be heat-treated although the results 
do not conform in all cases to those obtained in solid metals. Best 
results are obtained with dense structures. Porosity influences the 
rate of heat flow through the purt and permits internal contamina¬ 
tion if certain salts are used in the {nocess. 
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Porous metal sheets having controlled porosity are now being 
made by two processes. One process, known as gravity sintering, 
has been aeveloped for stainless steel powder. ,A uniform layer of 
powder is placed upon ceramic trays and sintered up to 48 hours 
in dissociated ammonia at high temperature. The sheets are then 
rolled to obtain thickness uniformity and a better surface finish. 
They may then be fabricated into suitable shapes in the same 
manner as working sheet metal. Porous sheets of stainless steel are 
corrosion resistant and are used for gasoline, oil, and chemical filters. 

In a somewhat similar process powders are fed from a hopper 
between two rolls, which compress and interlock them into a sheet 
of sufficient strength to be conveyed through a sintering furnace. 
The sheet can then be passed through another set of rolls and heat< 
treated if necessary. By blending the powders before they enter the 
rolls, alloy sheets can be made. Metal powders that can be jrolled 
into sheets include copper, brass, bronze, Monel, and stainless steel. 
Both uniform mechanical properties and controlled porosity can be 
obtained by this process. 

Advantages and Limitations 

The use of powder metallurgy is rapidly increasing, and many 
products are being made better and more cheaply than by other 
manufacturing methods. Some of the advantages obtained by this 
process are as follows: 3.4 

1. Many products such as sintered carbides and porous bearings 
cannot be produced by any other method or process. This applies 
also to a number of products from alloys containing both metallic and 
nonmetallic powders. It is also possible to mold layers of different 
metal powders' to form bimetallic products. 

2. It is possible to produce parts with controlled porosity, such as 
those found in self-lubricating bearings made from nonferrous 
powders and graphite. 

3. Large-scale production of many small parts can annpete fovor* 
ably with machined parts because of the close tolerances and surface 
finish that are obtained. On parts up to 2 inches in diameter, 
tolerances of ±0.001 inch or less can be maintained. 

3 E. SehufiMcIwr tiid A. G. Soudsn, "Pewdsr MstatlHray,” £ A/foyi, 
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4?. SdniMinimpf and C. G. Gealial, 'Vreeauing Trandi in fawdar Matallurgy," 
Inn Aga, Saptambar 19, 1940. 
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4. Products of extreme purity can be made, since it is possible to 
obtain powders in a very pure state. In the operation of pressing 
there is little chance for impurities to enter. 

5. The process is economical in material, since there are no Imses 
of material in thi^ fabrication, and in most cases the dimensional 
accuracy is so close that no material allowance is needed for 
machinery. 

6. Labor cost is low; skilled mechania are not required to operate 
presses or other necessary equipment. 

7. A wide range of physical properties is possible with any given 
material. These can be controlled by varying the die pressure, 
particle size, or sintering temperature, or by introducing alloying 
elements. 

Powder metallurgy has certain limitations which will restrict its use, 
particularly with those products that can be made economically by 
other manufacturing processes. In addition there are certain other 
limitations as to the mechanical etjuipment, the thermal characteris* 
tics of the powder, safety, and design. Some of these limitations are: 

1. Metal powders are expensive and in some cases difficult to store 
without some deterioration. 

2. Equipment costs are high. Presses with capacities up to 100 
tons per square inch are rejguired for some products. Dies operating 
in these presses must be accurately machined and capable of with¬ 
standing high pressures and temperatures. Sintering furnaces present 
problems of temperature and atmospheric control. These facts 
preclude the use of this process for short-run jobs. 

5. The size of powder-fabricated parts is controlled by the capacity 
of the presses available and also by the compression ratio of the 
various jxiwders. Compression ratios of different powders vary con¬ 
siderably. Since pressure is not distributed uniformly in a powder 
as it is in a liquid, a large product is not likely to have uniform 
density. 

4. Intricate designs in products are difficult to attain, since there 
is no flow of the metal particles during compacting. Abrupt changes 
in thickness must be avoided: and it is not possible to mold under¬ 
cuts, internal threads, and grooves. Uniform density is difficult 
to attain in long pieces. 

5. Some thermal difficulties appear in sintering operations, par¬ 
ticularly with the low-melting powders such as tin, lead, zinc,, and 
cadmium. Most oxides of these metals cannot be reduced at tem¬ 
peratures below the melting point of the metal; hence, if such oxidn 
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exist, they will have detrimentaJ e^ts on the sintoing process and 
result in an inferior product. 

6. Some powders, in a finely divided state, present explosion and 
fire hazards, and precaution must be taken to keep dust out of the 
air. Such meml powders include aluminum, magnesium. ziro>nium. 
and titanium. 

7. A completely dense product is not possible by this process. 
However, porosity can be reduced materially if the heating accom¬ 
panies the pressing operation, or by infiltration. 

Mofal-Powdor ProduetsB 

Many metals are now available for use in powder-metal parts, and 
the number of products made by this process is steadily increasing. 
A representative selection of machine parts made from a wide variety 
of metal powders is shown in Figure 4. It is interesting to note the 
intricate shape and design of the parts, most of which are made 
complete without the necessity of machining. Some of the prominent 
powder-metal products are as follows: 

CeniMfud eorhfdet* Tungsten-carbide particles are mixed with 
a cobalt binder, pressed to shape, and then sintered at a temperature 
above the melting point of the matrix metal. The metal cobalt binds 
the carbide particles together and gives strength and toughness to 
the final product. Cemented carbides are used for cutting tools, dies, 
and various wear-resistant products. 

¥of 9 r hretfiet. Brushes for motors axe made by imxing copper 
with graphite in sufficient quantities to give the compact adequate 
mechanical strength. Tin or lead may also be added in small 
quantities to improve wear resistance. 

Porom beoriiiff. Most bearings are made from copper, tin, and 
graphite powders, ‘although other metal combinations are used. 
After sintering, the bearings are sized and then impregnated with oil 
by a vacuum treatment. Porosity in the bearings can be controlled 
readily and may run as high as 40% of the volume. 

Mofolfle iffvrg. Porous metal filters, having greater strength and 
shock resistance than celhunic filters, are made with porosities up to 
80%. Bronze and nickel are common metals used for this purpose. 

C^n ttfld fWMp roton. Gears and pump rotors are made from 
powchmd iron, mixed with sufficient graphite to give the product the 
desired carbon cemtent Parts axe produced with close dimensional 
accuracy, requiring a minimum of machining. A porosity of around 

*H. E Hall, "0«v*lo|Miwiif In Mntol Nwdan surf Matafhffr, 

A n wr l n n n S o ct n i y far M^ls. IfSl. 
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Rg. 4. Maehliw parts mada from a wida vartaty of mafal powdark (Courlaty Chrya* 
lar Corporation' A mplaa Divisions.) 


20% is obtained in the process, and after the sintering operation the 
pores are impregnated with oil to promote quiet operation. The 
physical properties of iron-powder parts are dose to those of ordinary 
cast iron. 

Mofiiefa. Excellent small magnets can be produced from iron, 
aluminum, nickel, and cobalt when combined in powder form. 
Alnico magnets, made principally from iron and aluminum powders, 
are superior to those cast. A finer grain structure is obtained, there 
are no internal defects, and the magnets are produced with dose 
dimensitmal tolerances. 

Coalwef ports. Electric-contact parts lend themselves well to 
powder-metallurgy fabrication, since it is possible to combine several 
nustal powders and still maintain some of the principal characterisUci 
of each. Contact parts must be wear-resistant and somewhat refrac- 
tory and at the same time must have good electiical oonducthrltf. 
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Many combinations such as tungsten-copper, tungsten-cobalt, tungsten- 
silver, silver-molybdinum, and copper-nickel-tungsten have been 
developed fen* electrical applications. 

Numerous other parts, including clutch faces, tungsten filaments, 
diamond cutting wheels, brake bands, laminated metals, and welding 
rods are produced by powder metalluigy. There are many other uses 
for powdered metals which are not pressed to shape, such as paint 
pigments and other protective coatings. Aluminum powder is used 
in Thermit welding; and, in the field of pyrotechnics and explosives, 
powdered aluminum and magnesium are both prominent. The 
addition of powdered metals to plastics increases their strength and 
contributes other metallic properties. 


REVIEW QUESTIONS 


1. What is powder metallurgy? 

2. What is meant by sintering, and how is it accomplished? 

3. What characteristics should be included in specifying a metal powder? 

4. Why is particle-site distribution important in a given product? 

3. What determines the compressibility of a powder, and how is it expressed? 

4. What two powders have greatest use in compressed-powder products?, 

7. Name and describe five methods of producing powders. 

I. What is the purpose of adding certain lubricants to the powder before 
processing? • 

f. Describe the usual steps in producing a /netal-powder part. 

10. What types of presses are generally used in this work? 

11. What are the various factors that must be considered in the operation of 
sintering? 

12. Why not hot-press all products and eliminate the sintering operation? 

13. How are porous metal sheets manufactuied? 

14. What are the advantages claimed for powder-metal parts? 

15. List the limitations of this manufacturing process. 

14. Name three products made by powder metallurgy that cannot be made by 
other processes. 

17. What advantages do bearings made by this process have over cast bearings? 
It. What uses are found for metal powders that are not compressedrto a solid 
fonn? 
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PLASTICS 


The manufacture of plastic products on a large scale is of com* 
paratively recent date. The discovery of ebonite or hard rubber 
by Charles Goodyear in 1839 and the development of Celluloid by 
Hyatt about 1869 marked the beginning of this industry. It was not 
until 1909, however, that one of the most important materials, 
phenol formaldehyde resin, was developed by Dr. L. H. Baekeland 
and his associates. Since then, research has added numerous other 
synthetic materials which vary widely in physical properties. 

In general, the term "plastic" is applied to all materials capable 
of being molded or modeled. Modern usage of this word has changed 
its meaning to include a large group of synthetic organic materials 
that becmne plastic by the application of heat and are capable of 
being formed to shape under pressure. They replace materials like 
glass, wood, and metals in construction and make many useful 
articles, including coatings and filaments for weaving. Products made 
from plastic materials can be produced rapidly with dose-dimen* 
sional tolerance and excellent surface finish. Often they have re* 
placed metals where Harness in weight, corrosion resistance, and 

III 
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dielectric strengdi are to be considered. Another important diarao* 
teristic of these products is that they may be lAade either transparent 
or in colors. There are over fifty different kinds of plastics in com¬ 
mercial production today, offering a wide variety of physical 
properties. 



Rg. I. A group of parh moldad from fhormeiaHiag roiim. A majority of thaio parh 
wora eompratsiemmoldad. (Courtaiy Tha Hydraulic PraM Manufacturing Company.) 


Plastic Materials 

Plastic materials may be broadly classified as thermosetting and 
thermoplastic. Thermosetting compounds are formed to shape under 
heat and pressure, resulting in a product that is permanently.hard.. 
The heat first softens the material; but, as additional heat and pree, 
sure are applied, the plastic is hardened by a chemical change kne^ 
if,'polymerization^ A group of parts molded from thermosetting 
resins is shown in Figure 1. Thermoplastic materials undergo no 

1 f^tymcilitllen is • dwmlcol process losuhing in Hw foimoMon of o now com poun d 
w i mi o moioeuior woiglit is • mulfipio of flwf of flw original subefonoo. 
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diemical change in molding and do'not jbecmne haxd with the 
aj^licadon pt pressilK and. heat. They remain soft at elevamd 
tmpetatures until they are hardened by cooling, and they may be 
itntelted repeatedly by successive applications of heat^ as in the 
melting of paraffin. . 

The raw materials for plastics are various agricultural products 
and numerous other minerals and organic materials, including coal, 
gas, petroleum, limestone, silica, and sulfur. In the process of manu- 
focture still other ingredients are added such as color powders, 
solvents, lubricants, plasticizers, and filler material. Wood powder, 
flour, cotton, rag fibers, asbestos, powdered metals, graphite, and 
other constituents are employed as fillers. Their use reduces manu< 
factoring costs, minimizes shrinkage, improves heat resistance, pro* 
vides impact strength, or imparts other desired properties to the 
product. Plasticizers or solvents are used with some compounds to 
soften them or to improve their flowability in the mold. Lubricants 
also improve the molding characteristics of the compoimd. All 
these materials are mixed with the granulated resins tefore mold¬ 
ing. 

Some of the common thermosetting compounds are as follows: 

Pk9aol formaM9kyd9, This compound, originally developed by 
Dr. Baekeland, is one of the principal thermosetting plastics used in 
industry today. The synthetic resin, made by the reaction of phenol 
with formaldehyde, forms a hard, high-strength, durable material 
which is capable of being molded under d wide variety of conditions. 
This material has high heat and water resistance, and may be pro¬ 
duced in a wide range of colors. It is used in the manufacture of 
coating materials, laminated products, grinding wheels, and metal 
and glass bonding agents, and may be cast into many useful items. 
Products made from this material include molded cases, appliance 
plugs, bottle caps, knobs, dials, knife handles, radio cabinets, and 
numerous electrical parts. 

Ufwo formaUokydo, This plastic component, also thermosetting, 
may be obtained in the form of molding power or in solution for 
laminating and similar, treatments. It also has wide use as an ad¬ 
hesive since it possesses good bonding qualities and strength as well 
as resistance to water. The chemical combination of urea with 
formaldehyde forms a colorless resin especially adapted to light- 
colored articles which resist ultraviolet light and remain colorless for 
a lon^ period <d time. These products, which have a hard surface 
and high dielectric strength, are light in weight, and may be produced 
in all otflors. They include tableware, light fixtures, buttons, in 
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strument dials, veneer bonds, and dock cases. As a binder for sand 
cores urea resins are used in the casting of ligtft UKtals. 

Pkmiol tarfanil. Furfural is obtained by processing waste farm 
products like corncobs and hulls from rice and cottonseeds with 
certain adds. The thermosetting resin obtained flows readily at low 
molding temperatures and cures rapidly when the proper tempera¬ 
ture is reached. Products of furfural are dark in color and water 
resistant, have excellent electrical qualities, and can be fabricated by 
most processes. Commerdal products of this material are used for 
instrument housings, brake linings, electrical parts, binder for 
abrasive wheels, and varnish for impregnating laminates. 

Mofarnfflo* Melamine resins, principally melamine formaldehyde, 
are comparatively recent additions to the plastic family. The com¬ 
pound melamine, made from carbon, nitrogen, and hydrogen, pro¬ 
duces an excellent shock- and heat-resisting product. It is a thermo¬ 
setting plastic and is adapted to processing by either compression or 
transfer molding. Being arc-resistant and having high dielectric 
strength, it is highly useful for electrical parts such as telephone sets, 
circuit breakers, and terminal blocks. Other uses Include laminated 
products, tableware, and enamel. 

IpoxldM. Epoxy resins, first manufactured in the United States 
in 1947, are used for casting, laminating, molding, potting (the en¬ 
casing of electrical parts), as paint ingredients, and as adhesives. 
Cured resins are low in sllrinkage, have good chemical resistance, 
excellent electrical characteristics, strong physical properties, and 
adhere well to both glass and metal. As adhesives they are employed 
in aircraft structures to replace other forms of fastening. Likewise 
in the manufacture of laminates they are used with glass fibers to make 
panels for printed circuits, tanks, jigs, and dies. Because of their 
resistance to wear and impact, epoxy resins have recently been- used 
extensively in the manufacture of press dies for metal forming 
operations. 

SfllcoMS. Silicon-base polymers differ materially from most other 
plastics which are based on the carbon atom. They possess a 
desirable combination of properties for a large group of industrial 
products such as oils, greases, resins, adhesives, and rubber com¬ 
pounds. Their outstanding properties include stability, resisunce 
to high temperatures over long periods of time, good low tempera-* 
ture and high electric characteristics, and water repellence. Some 
oils and greases operate well over a temperature range of ^40 to 
500 F. The silicone resins may be molded, used in laminates m as 
coatings, or they may be procMsed into foam sheets or blocks. Sill- 
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ame mbben are uied in moldings, extrilsions, gaskets, in insulatitm, 
or as shock<absorpd|n material. Because their high €X>st the use 
of silicone products is often limimd where their unusual properties 
would be most useful 

Thennopl^tic compounds available in quantity include the 
following: 

Ceffafos* dnrIvnfIvM, Cellulose derivatives are widely used in 
the United States because of the availability of cellulose material in 
cotton and wood. 

Cellulose nitrate, the first to be used, is highly inflammable, but has 
the advantage of being extremely tough, water resistant, and clear in 
color. It is used in fountain pens, ping-pong balls, jewelry, handles 
for toothbrushes, and fish lures. 

Cellulose acetate is a more stable compound, having considerable 
mechanical strength and ability to be fabricated into sheets or molded 
by injection, compression, and extrusion. Display packaging, toys, 
knobs, flashlight cases, bristle coating for paint brushes, radio panels, 
and extruded strips are successfully made of this compound. 

Cellulose acetate-butyrate molding compound is similar to cellulose 
acetate, and both are produced in ail colors and by the same processes. 
In general, cellulose acetate^butyrate is recognized for its low mois* 
ture absorption, toughness, dimensional stability under various atmos¬ 
pheric conditions,, and ability to be continuously extruded. Typical 
butyrate products include steering wheels* football helmets, goggle 
foames, trays, belts, furniture trim, insulation foil, and extruded 
tubing for gas and water. 

Ethylcellulose, one of the newer cellulose plastics, is the lightest of 
the cellulose derivatives. In addition to its use as a base for coating 
materials, it is employed extensively in the various molding proc* 
essM because of its stability and resistance to alkalies. Other out* 
standing properties are surface hardness, good electrical properties, 
and mechanical strength. Typical applications include containers, 
drill jigs and forming dies, trim moldings, heads for golf clubs, and 
flexible coatings. It may also be produced in thin sheets or extruded 
shapes. 

Cellophane (regenerated cellulose) is produced in thin sheets by an 
extrudi^ process and is useful for packaging materials since it pro* 
vicfos a protective coating against moisture and other contaminating 
influences. Because of its durability, pleasti^ appearance, and fire 
resistance, this material is also being us^ for curtains and draperies. 

Myttyynmt, Polystyrene is a thermoplastic material especially 
adapt^ for injection molding and extrusion, althou^ some otiM^* 
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acteiistics are hw spedGc gravity (1.07), avai^bility in colon, irma 
clear to opaque, resistance to water and .most chemicals, dimemtcmal 
stability, and insulating ability. Electrical insulation has been <Mie ol 
its major applications to date because it is an excellent rubber sub* 
stitute. In addition, styrene resins are molded into such [noducts 
as battery boxes, dishes, radio parts, lenses, and wall tile. 

Polyotkyhsm, Polyethylene products are flexible at both room 
and low temperatures, waterproof, unaffected by most chemicals, 
capable of being heat-sealed, and can be produced in a variety of 
colors. Polyethylene is one of the lighter plastics and in solid form 
can float on water. Although one of the newer plastics, it has many 
applications, including such products as ice-cube trays, developing 
trays, fabrics, film for packaging, collapsible nursing bottles, coaxial 
cable, and insulating parts for high-frequency fields. Polyethylene 
products may be made by molding, blow molding, or may be extruded 
into sheets and monofilaments. 

Vinyl rnalna. A number of vinyl resins commercially available in¬ 
clude copolymers of vinyl chloride and vinyl acetate, polyvinyl 
butyrals, polyvinyl chloride, polyvinyl alcohol, and polyvinyl acetate. 
All are thermoplastic materials capable of being processed by com¬ 
pression, injection, or extrusion into a wide variety of products. The 
copolymers of vinyl chloride and vinyl acetate are.obtained with a 
wide range of properties by varying the ratio of the two resins. They 
are especially suitable for surface coatings and for both flexible and 
rigid sheeting. In addition, they are extruded and molded into 
many products, a special grade being used in the manufacture of 
fibers that have chemical resistance and considerable strength. Fofy- 
vinyl butyral, used for interlayers in safety glass, raincoats, sealing 
fuel tanks, and flexible molded products, is. a clear tough resin.. It 
has resistance to moisture, great adhesiveness, and stability toward 
light and heat. Polyvinyl chloride resin has a high degree of re¬ 
sistance to many solvents and will not support combustion. It has 
found wide industrial use in resilient rubberlike products. Polyvinyl 
alcohol products which are durable and have excellent resistance to 
oils and chemicals include extruded tubing, molded trim, seals, gas¬ 
kets, binders, and abrasive-resistant linings. Polyvinyl acetate is used 
as an adhesive for bonding many materials and as a base for various 
coatings, lacquers, ink, and plastic wood. 

Aerylh rnalna. This resin is of special value because of its excel- ' 
lent light-transmitting power, ease of fabrication, and reristanoe to 
moisture. The acrylic resin most ooamottly used is melAyf . 
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t^ie, but it is better known by the coimnerciaf names Ludte (du 
Pont)' and Plexiglas |ilohm & Haas). It is a thennoplastic material 
which can be fabricate by casting, extruding, molding, and stretch 
forming into such products as airplane windows, shower doon, gage 
covers, toilet articles, transparent models, and covers where visibility 
of operation is desirable. 

Many other synthetic and natural resins, protein substances, and 
other materials are used in the manufacture of plastics. Nylon 
monofilaments are used for hosiery, parachute shroud line, glider tow 
ropes, and brush bristles. Examples of molded and extruded prod¬ 
ucts of nylon are bearings, tumblers, kitchen accessories, luggage, 
tubes, and furniture trim. The shellac resins are used as coating 
material, binder for abrasive wheels, phonograph records, and insula¬ 
tors. A variety of cold-molding compounds consisting of materials 
such as asbestos fibers with bituminous, cement, or shellac binders 
are made into such products as knobs, handles, connector plugs, ‘and 
arc shields. Nonflammable casein and protein plastics of all colors are 
made into buttons, novelties, sheets, and tubing. 

SynfMIe rubber. Attempts to synthesize natural rubber have 
been made for many years. The fact that many highly industrial¬ 
ized nations had no source of raw rubber under their control was a 
contributing factor in developing research along this channel which 
has produced many synthetics. Among ihese synthetics Thiokol, 
Neoprene, GR-S, Buna N, butyl, and silicone rubbers^ have had 
commercial acceptance. GR-S is prcxluce/1 in largest quantity, being 
pai^cularly adapted for tire use. Similar to natural rubber, it can 
be substituted in most instances. It is a copolymer of butadiene and 
styrene and can be cured to any degree of hardness desired. The 
strength of GR-S is improved by adding carbon black, and for tire 
use is frequently compounded with natural rubber. The butadiene- 
acrylonitrile copolymers (known as Buna N or nitrile rubbers), em¬ 
ployed princap^iy because of their resistance to oils, find use in such 
products as oil hose, gaskets, and diaphragms. They also serve to 
some extent as a blending material with phenolics ancl vinyl plastics. 
The oiganic polysulfides, known as Thiokols, are very resistant to 
gasoline, oils, and paints, as well as to sunlight, and are used in the 
manufacture of hose, shoe heels and soles, coated fabrics, and insula¬ 
tion coatings. Resilient solid objects can be molded in conventional 
machines used for other plastics. 

The chloroprene polymer, known as Neoprene, is produced from 

^ A iiadt, ''R*e«nl 0*v»topmMti In Enalncnrine Mntnrinls,” Mneionfen/ fnf/iiMrjnf. 
April 194B. 
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coal, limestone, water, and salt. Calcium carbide, a product (rf 
and limestone, when added to water, forms Acetylene gas (C 2 ^ 2 )' 
This gas, in combination with hydrogen chloride, forms chloroprene, 
which is changed to Neoprene by polymerization. Neoprene has 
good resistance to oils, heat, and sunlight, and is used for such arti¬ 
cles as conveyor belts, shoe soles, protective clothing, insulation, hose, 
printing rolls, tires and tubes, and as a bonding material for abrasive 
wheels. It has a wider application than other synthetic rubbers and 
can replace natural rubber in any of its present uses. Butyl, an iso¬ 
butylene copolymer, has many of the properties and characteristics 
of natural rubber. Because of its strength, resistance to abrasion, 
and low permeability to gases, it is used most in the manufacture of 
inner tubes. Other uses include steam hose, conveyor belting for 
heated materials, and tank linings. 

Mofheds of Proeossin^ 

Plastic materials differ greatly from each other and lend themselves 
to such processing methods as compression molding, transfer mold¬ 
ing, injection molding, jet molding, casting, extrusion, blowing, and 
laminating. Each material is best adapted to some one of the meth¬ 
ods, although many can be fabricated by several. In most processes 
the molding material is in powder or granular form, although for 
some there is a preliminary operation of preforming the material 
before use. * 

Prwiorming, This operation consists of compressing a powder 
into small pellets of a size and shape that conform to a known mold 
cavity. All preforms are of the same density and weight, and the 
operation avoids waste of material in loading molds and, in general, 
sfteeds up production by rapid-mold loadings, with no possibility of 
overloading the molds. In the preforming operation the thermo¬ 
setting powder is cold-molded, and no curing takes place. Preforms 
are used only in compression- and transfer-molding processes. 

A rotary preforming press used in making disk pellets of various 
molding compounds is shown in Figure 2. The powder is fed by 
gravity from the hopper into the mold cells, and any excess powder 
is scra^d off. The amount of material fed into each cell is con¬ 
trolled by regulating the lower punch. As the table, revolves, 
pressure is applied uniformly on both sides, compressing the powder 
charge, and at the end of the cycle the ublet is ejected. In some 
cases tablets of more than one size are made at the same time, the 
only objection to this procedure being that there is some difficulty 
encountered in sorting the tablets. 
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Redprocating machines, having only a single set of dies, ate also 
used for a wide varied of preforming operations. The dies can be 
changed quidily. but the output is much lower than that of the 



Rg. 2. CloM-up vi«w of rotary praforming preu us^ in making disk patlats of various 
melding compounds. (Courtesy Gonaral Electric Company.) 

rotary machines. When preforms are used in multiple-cavity molds, 
they are first transferred to a loading tray. The tray locates them 
accurately with reference to the mold cavities in the machine, and 
all preforms are molded simultaneously. 

Cofflprtssfofl melding. Compression molding is illustrated in 
Figure 3. A given amount of material is placed into a heated, 
metallic mold; and, as the mold closes, pressure is applied, causing 
the softened material to flow and conform to the shape of the mold. 
The material can be used either in a granulated state or preformed 
into a tablet. Pressures used in compression molding vary from 100 
to 8000 |>si, depending on the material used and the size of the 
product. The temperature range is from 250. to 400 F. Heat is very 
important for thermosetting resins, since it is used first to plasticize 
and then to polymerize or make them hard. Uniform heating of the 
powder b desirable, but not always easy to attain, because of the poor 
^at conductivity of the material.' 
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Some thermoplasdc materials are processed bv compression, but the 
cyde o£ rapid heating and cooling of the mole adds to the difficulty 
in using such material. Unless the mold is suflkiently cooled before 
ejection, distortion of the piece is likely to result. 

A large variety of hydraulic presses, ranging &om handoperate^ hs 
completely automatic, are available for compression molding. ThCi 
function of the press is to apply the necessary pressure and at die 
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Fig. 3. Diagrammatic view of compranloiMneldlng procas*. 


same time sufficient heat^to plasticize properly and cure the plastic 
materials. Heat may be transferred from heated platens or applied 
directly to the metal mola. It is supplied by steam, heated liquids, 
electrical resistance, or ultrahigh-frequency electric currents. 

The simplest type of press is the hand-operated one. Separate 
molds, which are loaded and unloaded outside the press, are used, 
and the only function of the press is to supply the necessary pressure 
for the operation. Other presses, also manually controlled, have the 
molds permanently mounted and consequently can use mudi larger 
molds. Semiautomatic presses are tliuse that upeiale automatically 
for one cycle only. This type eliminates variations due to the per¬ 
sonal element, as the operator need only load and unload the 
machine. A self<ontained, semiautomatic press used for both com* 
pression and transfer molding is shown in Figure 4. Hie mold is 
closed and clamped by the upward-acting press platen. Molding that 
requires the addition of a high-frequency unit for plastidziiq; the 
molding material can also be done on this press. 

Completely automatic presses are those that operate continuously 
for a long period of time. All operations, such as measuring and 
feeding the raw material, are automatically controlled and accurately 
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timed to as to maintain unifonn molding conditions. Automatic 
{presses are rapid in (^ration and require a minimum of attention. 

TrttM#tr molcffflg. In the process of transfer molding, the thermo¬ 
setting powder or preforms are placed into the pressure chamber 
above the mold cavities, as illustrated in Figure 5. They .are then 
plasticized by heat and pressure and injected into the mold cavities 
as a hot liquid, where the material is cured and becomes hard. This 



Rg. 4. S«nl-«utemaae teggU eempmsion-moiding pnu eapadty 60 tens. (Courtesy 
F. J. Steins Machine Ceinpany.) 

process is especially desirable for producing parts requiring small 
metal inserts, since the hot plastic material enters the mold gradually 
and without great pressure. Intricate parts and those having large 
variation in section thickness can also be produced to advantage by 
this method. The process differs from the injection molding of 
thermoplastic materials in that the mold is kept heated at all times 
and parts are ejected without cooling. In some equipment provi¬ 
sion is made to use high-frequency electric current as a means of 
heating the preformed ublets. 

fnftefiM aoldlag. The injection molding machine of 8-ounce 
capacity, shown in Figure 6, can be controlled automatically at a 
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rate of around 300 shots per hour and, in operation, is quite similar 
to that of some die-casting machines. A s^lmatic sketch showing 
the operation of injection molding machines is shown in Fi^re 7. 
Molding material is fed by gravity from a hopper and a metering 
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Fig. 5. Diagrammatic sketch of transfer-molding process. 



Rg. 6. Plastic injection-molding machine. (Courtesy Reed Prentice Corp.) 


device to a cylindrical heating chamber, where it is plasticized and 
injected into the closed mold under considerable pressure. The 
finished product is hardened in the mold by the cooling effea of 
water circulated through conduits in the mold. After the injectioa 
plunger retracts, the mold is opened and the product ejeaed. 
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heating-chamber construction of all injection machines is 
about the same. It is ^lindrical in shape with a torpedolike spreader 
in the center so that the incoming material is kept in a layer thin 
enough to be heated both uniformly and rapidly. * The heating 
chamber temperature ranges from 250 to 500 F, depending on the 
kind of material being chaiged and the size of the mold. Heat is 
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Rg. 7. Stateh thowing optr«tien of injection-molding miehine. 


furnished by a series of electrical-resistance coils. These chambers 
must be of substantial construction, as injiction pressures may reach 
as high as 30,000 psi. 

Injection machines are built in three general styles: of horizontal 
construction, as shown in Figure 7; with the heating and injection 
unit in a vertical position, as illustrated in Figure 8; and a com¬ 
pletely vertical unit such as a compression-type machine, with the 
molds held in a horizontal position. The machine shown in Figure 8, 
with the injection unit in a vertical position, has certain desirable 
construction features which facilitate the feeding of the material into 
and through the heating chamber. The entire heating-chamber unit 
can be swung away from*the mold for purposes of cleaning, repairing, 
and changing of molds. The insert of the figure shows in detail the 
method of heating the plastic material as it is fed to the heating 
cylinder from the overhead hopper. 

Thermoplastic materials are generally used in injection molding, 
because they are gspiecially suited for rapid production. Compared 
to oanpression molding, this process is much faster, since the mold 
does not have to be alternately heated and cooled. The mold is 
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Rg. 8. An automatic fn{aetion>ffleMing maehina, 48>ounca capacity, having tha haatfng 
cylinder aisambiy in a vortical position. Insert shows heating cylinder assembly. 
(Courtesy Lester-Phoenix, Inc.) 

maintained at a constant temperature, usually 165 to 200 F, by dreu* 
lating water, and a production cycle of two to six shots per minute 
is possible. Mold costs are lower, since fewer cavities are necessary 
to maintain equivalent production by injection molding. Articles 
of difficult shapes and of thin walls are successfully produced, as 
illustrated in Figure 9. Metal inserts, such as bearings, contacts, or 
screws, can be applied in the mold and cast integrally with the 
product. Materid loss in the process is low, as sprues and gates can 
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be re*Used. Although the capacities oC injection machines vary from 
2 ounces to 8 poundl, smalhparts machines of 8* to IGounce capacity 
are most popular. 

Thermosetting materials can be injection-molded by a process 
known as jet molding. With a few minor changes, nearly any 
standard thermoplastic injection-molding machine can be converted 



Fig. 9. Mold for making borry baskats in an injection-molding maehino. (Courtaty 
Hallo Ftasties.) > 


to a jet-molding machine. The torpedo spreader in the heater is 
removed, and the main heating of the resin materials is concentrated 
at the nozzle passage to the sprue. As soon as the mold is filled, the 
liozzle area is cooled by circulating water, and the pressure in the 
chamber is released. No further chemical changes of the material 
take place until the cycle is repeated. 

Exfrudhg, Thermoplastic materials, such as the cellulose deriva¬ 
tives, vinyl resins, polystyrene, polyethylene, and nylon, may be ex¬ 
truded through dies into simple shapes of any desired length. 
Thermosetting compounds are not well adapted to this process be¬ 
cause of the rapidity with which they harden but are used to a 
limited extent in the production of thick-walled tubes. A schematic 
diagram of an extruding press is shown in Figure 10. Granulated 
or powdered material is fed into the hopper and then forced through 
a heated chamber by a spiral screw. In the chamber the material 
becomes a thick viscous mass, in which form it is forced through the 
die. As it leaves the die, it is cooled by ur or water and gradually 
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hardens as it rests on the conveyor. Long tubes, rods, molding sec* 
tions, and many special sections are readily pitxlfticed in this manner. 
Because they can be bent or curved to various shapes after extrusion 
by immersion in hot water, such products as conduits for electric 
conductors and for handling chemicals are made by this process. 
Much insulation, now extruded directly on wire, is economical to 
produce and has excellent physical properties. Filaments for plastic 
fabrics and sheeting for curtains and packaging purposes are both 
important products of this process. * 



Rg. 10. SeiMmatie diagram of typical plastic axtrutien prats. 


Catffng. Thermosetting materials used for casting include the 
phenolics, the polyesters, and the ally! resins, the last being especially 
useful for optical lenses and other applications requiring excellent 
clarity. These resins have a wider use in casting than the thermo¬ 
plastics, as they have greaterlfluidity in pouring. Ethycellulose and 
cellulose acetate butyrate, both thermoplastics, are used where impact 
strength and rigidity are needed for drop-hammer and stretch dies. 
Acrylics are used in the casting of transparent articles and flat sheets. 

Plastics are cast when the number of parts desired is not suflicient to 
justify the making of expensive dies. Frequently, open molds of lead 
are formed by dipping a steel mandrel of desired shape into molten 
lead and stripping the shell from the sides of the mandrel after it 
solidifies. Cores of lead, plaster, or rubber may be introduced if de¬ 
sired. Hollow castings are also produced by the slush-casting method. 
Solid objects may be made from molds of plaster, glass, wood, or 
metal When parts have numerous undercuts, the molds are made 
of synthetic rubber. 

Casting is recommended for preparing short rods, tubes, and various 
sha]}es that are to be used in subsequent machining operations or 
carving. Machined surfaces have a dull white appearance which may 
be removed by tumbling with wood blocks and abrasive particles m 
by buffing. Costume jewelry and novelties are cast because of the 
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pleasii^ color combination that can be obtained and the fact that 
frequent style changA do not justify the preparation of expensive die 
equipment. Other examples of cast products are knobs» clock and 
instrument cases, handles, drilling jigs, and punches and dies for 
sheet-metal fabrication in the airplane industry. 

LamlMlwtf plcraffcs. Laminated plastics consist of sheets of paper, 
fabric, asbestos, wood, or similar materials which are first impreg¬ 
nated or coated with resin and then combined under heat and pres¬ 
sure to form commercial materials. These materials are hard, strong, 
impact-resisting, and unaffected by heat or water, and have desirable 
properties for numerous electrical applications. I'he final product 
may consist of either a few sheets or over a hundred, depending on the 
thickness and properties desired. Although most laminated stock is 
made in sheet form, rods and tubes as well as special shapes are avail- 
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able. The materia] has good machining characteristics which permit 
its fabrication into gears, handles, bushing^, furniture, and many other 
articles. 

In the manufacture of laminated products, the resinoid material is 
dissolved by a solvent to convert it into a liquid varnish. Rolls of 
paper of fabric are then passed through a bath for impregnation, 
as shown in Figure.ll. This is a continuous operation; and, as the 
sheet leaves the. resinoid bath, it goes through a drier, which evapo¬ 
rates the solvent, leaving a fairly stiff sheet impregnated with the 
plastic material. To facilitate lamination, the sheets are then cut 
into convenient sizes and stacked together in numbers sufficient to 
make up the desired thickness of the final sheet. Each group is as¬ 
sembled between polished metal plates at top and bottom and is 
then stacked in a hydraulic press. Under the action of heat and 
pres^re, a hard rigid plate having desirable properties for many 
industrial applications is obtained. Tubes, made by machine-wind¬ 
ing strips of the prepared stock around a steel mandrel, are cured 
by being placed in a circulating-hot-air oven or are subjected to both 
heat and pressure in a tube mold. Properties of laminates depend 






largely on the sheet material or filler used. Paoer-haae materials are 
used often in electrical products because of tneir excellent diarac* 
teristics and their ability to be held to close tolerances. ^ Fabric- 
base materials are stronger and tougher and, hence, better for stressed 
(»rts. Gears made of a canvas base are quiet in operation and have 
proved very satisfactory. Asbestos and fiber*glass cloth are recmn- 
mended for heat-resisting and low water-absorption uses. Thin sheets 
of wood are now being laminated to produce a light material equal 
in strength to some metals and resistant to moisture. These sheets, 
produced with a smooth surface, can be formed into panels without 
expensive machining operations. Safety glass is, in effect, a lami¬ 
nated-plastic product, sin(% thermoplastic layers are used between the 
glass sheets to make it nonshattering. In addition, many other ma¬ 
terials, including rubber, metal, rayoji. and spun glass, are used in the 
manufacture of laminated products. 

Blowing or vacuum forming. Many plastic materials can be 
formed into thin hollow shapes by air-pressure differentials when the 
sheet material is heated and is in a soft, pliable condition. To 
accomplish this, the sheet is clamped to the top surface of a vacuum 
or pressure container and is drawn or blown into a form approximat¬ 
ing a section of a sphere. No dies are required, and upon cooling 
it retains its formed shape. 

A somewhat similar procps, known as vacuum snapback forming, 
is illustrated in Figure 12. After the heated sheet is damped, a 
vacuum is created in the |hamber, which causes the sheet to be 
drawn down as shown by the dotted lines. The male mold is then 
introduced into the formed sheet, and the vacuum is gradually re¬ 
duced, causing the sheet to snap back against the mold form. Move¬ 
ment of the sheet after contact with the form should be kept at a 
minimum to avoid surface markings. By having ample draft on 
the mold form the part is easily removed. In Figure IS is shown 
a setup where sheets are formed to shape by air piessui e and are actually 
blown into the mold. This process is used where more complicated 
shapes are desired and possible surface defects are not objectionable. 
By using special, synthetic greases on the mold, the tendency for 
marks to show on the formed part is materially .decreased. Similar 
results may be obtained by vacuum drawing, but there are likely 
to be sur&ce defects from air bubbles in the grease. 

* A o c o r d l lwf tv N£MA (NatioMi ilaetrleal Manufaeturar* Anoelatlen) thara sra 
Iwalw gndm •! lamiaatas whieK vra itandardl for raoit applicatieni. Six gradai kava 
papar baia, fovr hava fillart af eatfon fabric, ana has an aibaitM pcpar iillarr airi 
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Certain plastics can be formed into bottles and containen in a 
fashion similar to the methods used in blowing glass bottles. In this 



Rq. 12. Vacuum sncpbccit forming of hocftcl thormoplcslie thooh. (Courtwy Rohm 
it H«m Company.) 
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Fig. 13. Foming liaatad tharmoplastfe shaah by blowing Into a meM. (Courtaiy 
Rohm i Haas Company.) 


operation a tube or parison of thermoplastiG material is either in* 
jected or extruded into an open mold, as shown in Figure 14. With 
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the tube still in contact with the extruding n^le, the mold doses 
and air pressure from an outlet within the nozne expands the fdastic 
against the walls of the mold. The extrusion is then cut from die 
nozzle, and the mold indexes to the next position. Here a blow 
head descends on the' mold and holds the blown container under 
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Rg. 14. Blow<melding • tharmopiastie bottia using an axtrudad parison. (Courtasy 
Plax Corporation and Modarn Plasties Encyclopedia.) 

pressure until it is removed. It is ejected from the mold by an air 
jet and cooled to room temperature by a water spray. Articles made 
by blowing include Christmas tree ornaments, atomizer bulbs, cos¬ 
metic containers, bottles, fllats, and certain synthetic-rubber articles 
like hot-water bottles. Polyethylene, cellulose nitrate, and the acrylics 
are among those plastics that can be formed by blowing techniques. 

Maids lor Plastics 

Molds for both the compression and injection processes are made of 
steel and are heat-treated. The production of these molds demands 
the same type of machine work and the usual precision required for 
dies used in pressure casting. There are, however, some differences 
in construction because of varying characteristics in the materials 
being processed. Ample draft and fillets should be provided to facil¬ 
itate removing the article from the mold. Ejector pins are usually 
provided fmr this purpose and should be located at points where the 
pin marks are not noticeable. Like metals, plastic materials shrink 
on cooling, and some allowance must be provided. Shrinkage varies 
according to the type of material and method of processing but is 
usually 0.00S to 0.009 indh per inch. 

Compression molds are made in hand and semiautomatic types. 
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Each .,type might be further sulxHvided into positive, umiposititfe, 
and flash designs. The hand molds are charged and unloaded on a 
bench. Heating and cooling are accomplished by plates on the presses 
which are provided with the necessary circulating facilities. The 
semiautomatic molds are fastened rigidly to the presses and are 
heated or cooled by adjacent plates. As they open> work is ejected 
automatically from the molds which are single or multiple cavity. 

Further classification of hand and (X)sitive molds may refer to the 
method of confining the plastic material in the mold. A positive 
mold is one that entirely coniines the material in the mold. An 
example of this is a cylinder w'ith a close-fitting plate at the bottom 
and a plunger which enters the cylinder to compress the powder. 
The thickness of the part being molded is controlled by the amount 
of powder charged. Such molds are commonly used in mounting 
metallurgical specimens. Semipositive molds are designed so that 
there is some provision for overflow. A landed mold of this type, 
shown in Figure 15, permits the escape of some material, but, owing 
to the telescoping feature, has some of the characteristics of a positive 
mold. This mold is very successful and is used more than either the 
positive or the flash types. Ejector pins are brought into play as the 
mold opens, to force the parts from the mold. The flash-type mold 
has no telescoping action whatsoever, and the material is not con¬ 
fined until the end of the stroke. As a result there is a slight fin, a 
few thousandths of an inch thick, around tlie lands of the mold where 
the closing is made. 

Since most compression molding is done with thermosetting ma¬ 
terials, alternate heating and cooling of the mold are not required. 
The molding temperature for these plastics is obtained from gas, 
steam, electricity, or heated liquids. Heat not only softens the plastic 
material so that it can be shaped to the mold, but also causes the 
chemical change which hardens it. 

Injection molds are made in two pieces, one half being fastened to 
the fixed platen and the other half to the movable platen. Contact 
between the halves is made on accurately ground surfaces or lands, 
surrounding the mold .cavities. Neither half telescopes with the 
other, which is the case with many of the compression molds. The 
cavities should be centrally located with reference to the^ sprue hole 
in the fixed half so as to obtain an even distribution of material and 
pressure in the mold. For locating purposes, guide pins, which are 
similar to those employed on metal-press dies, are fastened in the 
fixed half of the mold and enter hardened bushings in the movable 
part of the mold. 



(to FLASTICS 

Mold cavitia can exten^’into both halves of the mold* It is best, 
however, to have the outside of the molded {nrt in the fixed half, 
provided that the shape is suitable for this arrangement. In the 
cooling process the plastic material tends to shrink away from the 
cavity walls and is withdrawn from this half as the mold opens. 
It is retained on the cores of the movable half until the ejector 
mechanism operates. 



R 9 .15. Multieavity cemprMsion meld. (Ceurteiy Detroit Meld Engineering Cempeny.) 
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Injection molds have cooking channels in both halves to permit the 
maintenance of a uniform temperature for chilling the molded part, 
since most materials fabricated by this process are thermoplastic. 
The material is forced into the mold from the heated cylinder under 
pressures ranging from 2 to 20 tons psi and is ejected from the mold at 
a temperature of approximately 125 F. Ejection of the parts occurs as 
the mold opens and is accomplished by either ejector pins or stripper 
plates. 

Any cores required in injection molding are placed on the movable 
half of the mold. The nmmal shrinkage of the molded part tends to 
cling to the cores, causing it to withdraw freely from the stationary 
half as the mold opens. Vents, to permit the escape of entrapped air, 
are extremely small and are located in such a way as to permit all air 
to escape qtickly. 
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KiVIEW pmSflONS 

1. List the principal materials used in the manu&cture of plastic articles. 

2. Distinguish between thermosetting and thermoplastic materials. 

3. Name the various methods used in forming plastic mateiials. 

4. Describe the process of injection molding, 
g. What is meant by polymerization? 

4 . Which resin is widely used in the manufacture of flexible products? 

7. What resin is used for making transparent products? 
g. How does synthetic rubber differ from natural rubber? 
gj What are the basic raw materials used in making Neoprene? 

10. What is the purpose of preforming molding powder? 

11. Describe the process of compression molding. 

12. What advantages does transfer molding have over compression molding? 

13. What type of plastic material is generally used in injection molding? Why? 

14. What plastic products are formed by the extruding process? 

1g. What kind of molds are used in plastic casting? 

14. List the various materials that are laminatetl with plastics. 

17. Describe the vacuum snapback method of forming. 

1g. How are plastic bottles made? 

17. What is the difference between positive and flash-type molds? 

20. How are molds for plastics vented? 
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WELDING 


Welding is the fusion or iliiting of two pieces of metal by means of 
heat. Many welding processes have been developed which differ 
widely in the manner in which the heat is applied and in the type of 
equipment used. Some processes require hammering, rolling, or 
pressing to effect the weld; others bring the metal to a fluid state and 
require no pressure. The processes that use pressure require bring¬ 
ing the surfaces of the metal to a temperature sufficient for cohesion 
to take place. This is nearly always a subfusion temperature. How¬ 
ever, if the fusion temperature is reached, the molten metal must be 
confined by surrounding solid metal. No additional weld metal is 
required in welds of this type. Most welds are made at fusion tem¬ 
perature and require the addition of weld metal in some form. In 
the welding of dissimilar metals, it is often possible to make a satis¬ 
factory bond by bringing only one of the metals to a fusion tempera¬ 
ture. Welds are also made by casting, in which case the metal is 
heated to a high temperature and poured into the cavity between the 
two pieces to be joined. In this method the heat in the weld metal 
must be sufficient to aiuse it to fuse properly with the parent metal. 

in 
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Soldering is the uniting of two pieces of metal with a different 
metal, which is applied between the two in a molten state and at a 
temperature not exceeding 800 F. In this process some alloying with 
the base metal takes place, and additional strength is obtained by 
mechanicai bonding. The usual metals for soldering are low-melting 
alloys of lead and tin. Braung is a similar process in which the metal 
parts are joined by nonferrous metals, such as copper-zinc and silver 
alloys, having melting points below that of the parent metal but above 
800 F. The filler metal is distributed between the joint surfaces by 
capillary attraction. Soldering is not considered a welding process, 
but brazing now is.^ Temperatures in this process range from 1100 
to 198S F, which makes it possible to choose from a wide selection of 
possible filler metals. 

Most of the developments of modem welding have taken place since 
the first World War as a result of the demand of industry for more 
rapid means of fabrication and assembly of metal parts. Welding 
processes are employed extensively in the manufacture of automobile 
bodies, aircraft, high-speed railroad cars, machine frames, structural 
work, tanks, and general machine-repair work. In the oil industry 
welding is extensively used at refineries and in pipe-line fabrication. 
During war the largest single use for welding has been in shipbuild¬ 
ing; in peacetime it is the fabrication of metal structures. The com¬ 
petition of welding has also been felt in the casting industry, since 
many machine parts that were formerly cast are now made up of steel 
members welded together. Such constr^tion has the advantage of 
being lighter and stronger than cast iron. Gas cutting has likewise 
had its influence on forged products. Many parts are now accurately 
cut from thick steel plates, thus saving the cost of expensive dies. 
Tbere is hardly an industry today that is not affected in some way by 
welding and cutting processes. 

The first welding "processes were all limited to low-carbon steel and 
wrought iron, which are easily welded and have a wide welding range. 
As the carbon content increa^ or as alloying elements are added, the 
welding range decreases, and good welds become increasingly diflicult. 
However, the developm^t of new electrodes and new welding tech¬ 
niques has greatly altered our concept of what is weldable material. 
Practically all alloy steels can now be welded if proper equipment and 
materials are used. Cast iron at first presented serious difficulties, 
because of iu low ductility, poor fusion, and tendency to cradt on 
cooling. Most of these ^fficulties are now overcome by proper 
methods and the selection of suitable welding materials. Sudi non- 

* HoWloeft, Am*rl««n WaMInf So dal y. 
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ferroiif metalf as brass, bronze, Monel metal, alujptnum, copper, and 
nickel can be successfully welded, although special precaution must 
usually be uken to prevent oxidation. 

6«Mr«il CondltloM lor WoMIng 

Welding is facilitated if surfaces are cleaned and freed from foreign 
matter by wire brushing, machining, or sand blasting. Impurities 
tend to weaken a weld, causing the metal to be either brittle or filled 
with gas and slag inclusions. They also cause poor cohesion of the 
metals. 

Tendencies toward oxidation increase with temperature. At the 
high temperatures used in many welding processes, the oxidation of 
the weld metal is likely to have serious weakening effects in the weld. 
In some processes this influence is counteracted by the use of a flux 
which removes the oxides and permits perfect cohesion of the metals. 
In the electric-arc process the flux is coated on the electrcxies and, 
when melted, forms a protective coating of slag over the weld metal, 
as well as a nonoxidizing atmosphere. In gas welding and forge 
welding it is usually added in powder form. Other processes elim¬ 
inate any oxidation tendencies by creating a nonoxidizing atmosphere 
at the point where the welding is done. 

Inasmuch as oxidation takes place rapidly at high temperature, 
speed in welding is important. Some processes are naturally quicker 
than others, but the work mould be done as rapidly as possible. 

Principal WcMIcg ProcMsat 

The principal welding processes, listed in Table 11, are discussed 
briefly in the text matter that follows. 

Woldod JaicH 

The six principal types of joints used in most welding processes 
(see Figure 1) are butt, lap, edge, comer, plug, and tee. Some of 
these types, such as butt welds, may be further subdivided, as they 
vary in form according to the thickness of the material. Joints for 
forge welding differ in their manner of preparation and do not 
resemble those shown in the figure. Lap and butt joints are the 
principal types used in resistance welding. In general, resistance- 
welded joints must be prepared more accurately and must be con¬ 
siderably cleaner than those used in other processes. Both gas and 
arc wel^ng use the same types of joints. 

forfa w^dicf. Forge welding was the first form of welding used 
and for many centuries the only one in general use. Briefly, the 
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tABLE II. Wilding ProcMSM* 


I. Forge welding 

A. Manual 

B. Machine 

1. Rolling 

2. Hammer 
S. Die 

II. Resistance welding 

A. Spot 

B. Seam 

C. Projection 

D. Flash 

E. Butt 

F. Percussion 

III. Gas welding 

A. Air-acetylene 

B. Oxyacetylene 

C. Oxyhydrogen 

D. Pressure 

ly. Braze welding 

A. Torch 

B. Twin-carbon arc 

C. Furnace 

D. Induction 

E. Resistance 

F. Dip 
Cm. Block* 

H. Flow 


V. Arc welding 

A. Carbon electrode 

1. Shielded 

2. Unshielded 

B. Metal electrodes 

1. Shielded 

{a) Shielded metal 
arc 

(6) Impregnated 
tape 

(c) Atomic hydrogen 

(d) Inert gas 

(e) Submerged arc 
(/) Shielded stud 

2. Unshielded 

(а) Bare metal 

(б) Stud 

VI. Thermit welding 

A. Pressure 

B. Nonpressure 

VII. Flow welding 

VIII. Induction welding 
Cold welding 

f 

I 


* This table follows closely the chart prepared by The American Welding 
Society. 


process consists of heating the metal in a forge to a plastic condition 
and then uniting it by pressure. The heating is usually done in a 
coal- or coke-hred forge, although modem installations frequently em¬ 
ploy oil or gas furnaces. The manual process is naturally limited to 
lig^t work because all forming and welding are accomplished with 
a hand sledge. Before the weld is made, the pieces are form^ to 
correct shape, so that, when they are welded, they will unite at the 
center first. As they are hammered together frpm the center to the 
outside edges, any oxide or foreign particles will be forced out. 
The process of preparing the metal is known as scarfing. 

Forge welding is naturally rather slow, and there is considerable 
danger of an oxide scale forming on the surface. The tendency to 
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oxkUie can be countencted tomewhat by using ^thick fuel bed and 
by covering the surfaces with a fluxing material which dissolves the 
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oxides. Many special fluxes have been prepared; however, borax in 
omnbination with sal ammoniac is commonly used. Heating must be 
slow because of unequal section thickness. As soon as the desired 
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uniCorm temperatuxli is reached, the pieces are removed to the anvil 
and hammer^ together. 

For this type of welding, low-carbon steel and wrought iron are 
recommended, since they have a large welding-temperature range. 
This range decreases rapidly as the carbon content increases. High- 
carbon steels and alloy steels require considerably more care in con¬ 
trolling temperature and producing the welds. 

Large work may be welded in hammer forges driven by air or steam. 
Such equipment is especially valuable for forming and shaping work 
in the plastic state and has the additional advantage of refining the 
grain size when worked above the critical temperature of the metal. 
Welded steel pipe is made mechanically by running the preheated 
steel strips through rolls which form the pipe to size and apply the 
necessary pressure for the weld. 

Ehcfrleal-knltfancm Wmldlng, In this process a heavy electric 
current is passed through the metals to be joined, causing a local 
heating, and the weld is completed by the application of pressure. 
This process dates back to the latter part of the nineteenth century 
and was first used by Elihu I'hompson. When the current passes 
through the metal, the greatest resistance is at the point of contact; 
hence, the greatest heating effect is at the point where the weld is 
to be made. Alternating current is generally used, coming to the 
machine with the usual commercial voltages. A transformer in the 
machine reduces the voltage 4 to 12 vo^ts and raises the amperage 
sufficiently to produce a good heating ci|rrent. The amount of cur¬ 
rent necessary is 30 to 40 kva per square inch of area to be united, 
based on a time of about 10 secondb. For other time intervals the 
power varies inversely with the time. The necessary pressure to effect 
the weld will vary from 4000 to 8000 psi. 

Resistance welding is essentially a production process adapted to 
the joining of light-gage metals which can be lapped. Usually the 
equipment is suitable for only one type of job, and the work must be 
moved to the machine. The process is especially adapted to quantity 
production and includes a large amount of the welding done at the 
present time. It is the bnly process that permits a pressure action at 
the weld, while allowing an accurately regulated heat application. 
Also, the operation is extremely rapid. 

The weldability of a given metal depends to some extent on its 
melting point. Practically all metals can be welded by resistance 
welding, although some few, such as tin, zinc, and lead, can be welded 
only with great difficulty. 

In all resistance welding the three factors tluit must be given con- 
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sideration are expressed in the formula: Heat where / is the 

welding current in amperes, 12 the resistance of the metal being 
welded, and T the time. The amperage of the secondary or welding 
current is determined by the transformer. To provide possible varia¬ 
tion of the secondary current, the transformer is equipped widi a 
regulator on the primary side to vary the number of turns on the 
primary coil. I'his may be seen in Figure 2. For good welds these 
three variables, current, resistance, and time, must be carefully con¬ 
sidered and determined by such factors as material thickness, kind of 
material, type and size of electrode. 



The timing of the welding current is very important. There 
should be an adjustable delay after the pressure has been applied 
until the weld is started, ^fhe current is then turned on by the timer 
and held a sufficient time lor the weld. It is then stopped, but the 
pressure remains until the weld cools, thus eliminating any tendency 
for the electrodes to arc and also protecting the weld from discolor¬ 
ation. The pressure on the weld may be obtained manually, by 
mechanical means, by air pressure, by springs, or by hydraulic means. 
Its application must be controlled and co-ordinated with the appli¬ 
cation of the welding current. 

Resistance welding may be subdivided as (1) spot welding, (2) pro¬ 
jection welding, (S) seam welding, (4) butt welding, (5) flash weld¬ 
ing, and (6) percussion welding. 

Sppf welding. In this form of resistance welding, two or more 
sheets of metal are held between metal electrodes as shown in Figure 2. 
The welding cycle is started with the electrodes contacting the metal 
under pressure before the current is applied, and for a period known 
as the squeeze time. A low-voltage current of suflicient amperage is 
then passed between the electrodes, causing the metal in contact to 
be rapidly raised to a welding temperature. As soon as the tempera- 
ture is reached, the pressure between the electrodes squeezes the metal 
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together and complet^ps the weld. This period, usually S to 30 cycles, 
it known as the weld time. Next, while the pressure is still on, the 
current is shut off for a period called the hold time, during which the 
metal regains some strength by cooling. The pressure is then released, 
and the work is either removed from the machine or moved so that 
another portion can be welded. This is the off time. All times are 
measured in terms of current cycles and usually range from 3 to 60 
(I cycle - sec). 

Spot wel^ng is probably the simplest form of resistance welding 
and for ordinary sheet steel does not present much of a problem. 
Good welds require sheet steel which is free from scale or foreign sub¬ 
stances. Such films cause variations in surface resistance and tend to 
increase the heating effect of metal in contact with the electrodes. 

Surface imperfections, variations in weld strength, and electrode 
pickup are defects to be encountered if sheet surfaces are not prop¬ 
erly prepared. It may be noted that in spot welding there are five 
zones of heat generation: one at the interface between the two sheets, 
two at the contact surfaces of the sheets with the electrodes, and the 
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other two in the metal of the sheets. The contact resistance at the 
interface of the two sheets is the point of highest resistance where the 
weld formation starts. The heat is not readily conducted from ttiis 
point by the two electrodes on either side. Ck>ntact resistance at this 
point, as well as between the electrodes and the outsides of the sheets, 
depends upon surface conditions, magnitude of electrode force, and 
the size of the electrodes. If fhe sheets aip the same in both thickness 
and analysis, the heat balance will be sudi that the weld nugget will 
be at the center. With uneven sheet thicknesses or welding sheets of 
different thermal conductivities it may be necessary to use electrodes 
of different size or conductivity to obtain a proper heat balance. 

Machines for spot welding are made in three general types: sta¬ 
tionary single-spot, portable single-spot, and multiple-spot machines. 
Stationary machines may be further classified as rocker-arm and 
direct-pressure types.^ The rocker-arm type, shown in Figure 3, is the 
simplest and cheapest but is generally limited to machines of small 
capacity. This machine is so designated because the motion for ap¬ 
plying pressure and raising the upper electrode is made by rocking 
the upper arm. The larger machines usually employ direct straight- 
line motion of the upper electrode. This arrangement permits them 
to be used also for projection welding. 

As assemblies to be welded increase in size, it is not always possible 
to bring them to a machine. Portable spot welders, connected to the 
transformer by long cables, and capable of being moved to any post- 
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don. are then used. Where all welds cannotlbe made by a single 
machine setup, welding jig assemblies are served best by portable 
welders. A wide variety of portable welding g^ns is made, as indi¬ 
cated in Figure 4, the principal differences among them being the 

manner of applying the pres¬ 
sure and the shape of the tips. 
Pressure is applied manually, 
pneumatically, or hydrauli¬ 
cally, depending on the size 
and the ty|X! of gun. 

For production work, multi¬ 
ple-spot-welding machines have 
been developed which are 
capable of producing two or 
more spots simultaneously. In 
machines of this type several 
direct welds can be made from 
either one or more transform¬ 
ers. In some cases a system 
known as indirect welding is 
used, where two electrodes 
are in series, and the current 

is-kv* eapaeiiy. {Couriwy Taylw Underneath the sheets and be- 
Winfiald Corporation. 1 l tween the electrodes. 

Spot welding lends itself 
readily to production work because of its simplicity and the rapidity 
with which welds can be made. Most ferrous and nonferrous alloys 




Ffg. 4. Difforoift typos of woidlng gntit. All may bo eporatod by oithor air or by* 
dtauiie moans. (Courtasy hogrossivo Woldor Company.) 

may be spot-si«wlded, but each metal requires special manipulation 
and current regulation. Spot welding has a wide application, from 
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chin foils in which loV currents are used to heavy plates requiring 
high current and long time. Theoretically, any material of reason* 
able thickness can be spot-welded; however, as the thickness in* 
creases, the tremendous force necessary becomes a limiting factor. 
One<half inch is the usual upper limit. Spot welding is widely used 
in the manufacture of automobiles, refrigerators, and metal toys, and 
in numerous other metal-stamping assemblies. 

Prof^ethu welding. Projection welding, a process similar to spot 
welding, is illustrated in the line diagram shown in Figure 5. Projec¬ 
tion welds are produced at 
localized points in workpieces 

held under pressure between ttovatf Pftnr* 

suitable electrodes. Sheet 


metal to be welded in this 
manner is first put through 
a punch press, which makes 
small projections or buttons 
in the metal. These projec¬ 
tions are made with a diam¬ 



eter on the face equal to the 
thickness of the stock and 


Rg. 5. Prejactien welding. 


project above the stock about 60% of its thickness. Such projection 
spots or ridges are made at all points where^ a weld is desired. I'his 
process is also used for cross-wire welding^and for parts where the 
ridges are produced by machining. One |dvantage of this fonn of 
welding is that a number of welds can be made simultaneously, the 
only limit to the number being the ability of the press to furnish and 
distribute equally to the work the correct current and pressure. Re¬ 
sults are generally uniform, and weld appearance is often better than 
in spot welding. Electrode life is long, since only flat surfaces are 
used and little maintenance is required. 

In actual welding the sequence of operation is identical with that 
of spot welding. The current per weld is slightly less than for spot 
welds, but, because multiple welds are made, greater current and 
pressure capacity must be* available. Only press-type machines are 
reconunended fqr this process. It is possible to weld all metals by 
this method as readily as by other resistance-welding processes. 

$«om wtidliif. ^am welding consists in making a continuous 
weld on two overlapping pieces of sheet metal. Coalescence is pro¬ 
duced by heat, obtained from the resisunce of current. The current 
passes through the ot^erlapping sheets which are held together under 
pressure between two circular, elecurodes. This method is, in effea, 
a continuous spot-welding prc»ces8, since the current is not usually on 
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continuously but is regulated by the timer on^iie machine. In high* 
speed seam welding using continuous current, the frequency of the 
current acts as ah interrupter. 


LAP SEAM WELD 



MASH SEAM WELD 



METAL FINISH SEAM WELD 



BEFORE WELOINB AFTEII WELbtNff 

Fig. 6. TypM of (••m wtidt. 

The three types of seam welds commonly used in indus^y are 
illustrated in Figure 6. The most common type is the simple lap 
seam weld shown in the upper part of the figure. This weld consists 
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of a aeries of oveHappi||g spot welds with'sufficient overlap of the weld 
nuggets to provide a pressure-tig^t joint If the pressure-tight quality 
of the lap seam weld is not required, the individual nuggets may be 
spaced so as to give a stitch effect This process is known as roll-spot 
welding. In the center of the figure, a mash seam weld is shown 
which is produced by reducing the amount of sheet lapping to a small 
value. Broad-faced, flat electrodes are used, which forge the sheets 
together while welding. This foiling action by the electrodes is 
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known as “mash-down” and occurs simultaneously with the fusing 
^on the sheets. Since the joint is covered above and below by the 
electrodes and on either side by the sheets, any extrusion or spitting 
from the weld is prevented. Micrographs showing longitudinal and 
transverse sections of two pieces of 0.050-inch steel are shown in 
Figure 7. Alterations can be made in electrode face contour and the 
amount of lap increased so that the mash-down takes place on only 
one side, which can be finished later, leaving no trace of the joint. 
This type of mash seam welding, shown in the lower part of the figure, 
is often referred to as finish seam welding and finds application where 
the product is normally viewed from one side only. 

All the heat generated in a seam-welding circuit is a result of 
current passing through the resistance of the welding circuit. The 
current magnitude obviously becomes one of the most significant 
factors in controlling the amount of heat generated in the weld. A 
second variable is the resistance of the welding circuit, which has 
several sources of resistance. The heat at the electrode contact sur¬ 
faces irkept at a minimum by the use of copper-alloy electrodes and 
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is dissipated by flooding the electrodes and weld irea with water. 
Heat, generat^ at the interface by contact resistance, may be in* 
creased by decreasing the electrode force. The third variable whidi 
influences the magnitude of the heat is the weld time, which, in seam 
welding, is controlled by the speed of rotation of the electrodes. The 
amount of heat generated is decreased, with an increase in welding 
speed. 


Power Source 
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Seam welding is used in the manufacture of metal containers, auto* 
mobile mufflers and fenders, stove pipes, refrigerator cabinets, and 
gasoline tanks. Advantages of this type of fabrication include neater 
design, saving of material, \ight joints, and low-cost construction. 

Baft wofdlaf. This form of welding, illustrated in Figure 8, 
is the gripping together of two pieces of metal that have the same 
cross section and pressing them together while heat is being generated 
in the contact surface by electrical resistance. Although pressure is 
maintained while the heating takes place, at no time is the tempera¬ 
ture sufficient actually to melt the metal. The joint is upset some¬ 
what by the process, but this defect can be eliminated by subsequent 
rolling or gp-inding. Both parts to be welded should be of the same 
resistance in order to have uniform heating at the joint. If two dis¬ 
similar metals are to be welded, the metal projecting from the die 
holders must be in proportion to the specific resistance of the mate¬ 
rials to be welded. The same treatment must be used where 
materials of different cross section are butt-welded. 

In aaual operation, the work is first clamped in the machine and a 
pressure is applied on the joints. The welding current is then 
started, and heating takes place, the rate depending on the pressure. 
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tlK material, and the condition of siiHaces. Since the contact re¬ 
sistance varies inversely with the pressure, the pressure is less at the 
start and is then increased to whatever is necessary to effect the weld 
{2500 to 8000 psi) when the welding 
temperature, is readied. As soon as the 
weld is completed, the current is cut off 
and the work undamped from the ma¬ 
chine. This process differs from flash-butt 
welding in that there is no flashing or 
ardng at the joint during the operation. 

Practically all metab that can be spot- 
or projection-welded can also be butt- 
welded, with the strength of the weld 
being about equal to the strength of the 
metal being welded. This type of weld¬ 
ing is especially adapted to rods, pipes, small structural shapes, and 
many other parts of uniform section. Areas up to 70 square inches 
have been successfully welded, but generally the process is limited to 
small areas because of current limitations. Figure 9 illustrates a 
special type of butt-seam welding used in pipe manufacture. 

flatk wmldfiag. Butt and flash-butt welding, though similar in 
application, di^r somewhat in the manner of heating the metal. 
Again, in Figure 8, it is noted that for flash welding the parts must 
be brought together in a very light contact. A high voltage starts 
a flashing action between the two surfaceai^and continues as the parts 
advance slowly and the forging temperailUre is reached. The weld 
is completed by the application of sufficient forging pressure to effect 
a weld. A small fin or projection left around the joint can be easily 
removed. The entire operation is quite rapid, and it is important 
to have proper timing and current for the size section involved.- 
Insufficient heat traps oxides, making it impossible to obtain a good 
weld. Overheating may result in molten metal being blown from the 
weld, causing a cavity. Hi§^ forces ranging from 5000 to 25,000 psi 
are used in foiging the joint together. 

Welding of small areas is usually done by the butt-welding method, 
large areas are done by the flash-l^tt method; however, there is no 
dear demarcation between the two. The shape of the piece and 
the nature of the alloy are frequently the determining facton. Areas 
ranging from 0.002 to 50 square inches have been* successfully welded 
by flash welding. In this process, less current is required than in 
ordinary butt welding; there is less metal to remove around the joints; 
the me^ that forms the weld is protected from atmospheric con- 



Fig. 9. ContiiHieu* birtf weld¬ 
ing of pip*. 
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tamination; the operation conwmes little time^ and end-to^d weld¬ 
ing of sheets is possible. Because of these advantages, fla^ welduig 
is more widely used than the ordinary butt or upset process. Many 
nonferrous metals can be flash-welded satisfactorily; however, allo]^ 
containing high percentages of lead, zinc, tin, and copper are not 
recommended for this process. Flash welding is widely used for 
tubular furniture, rear-axle housings, steel rims, sheets in tx>dy manu¬ 
facture, steel forgings, and rolled sections. 

PoreMtMha wofdliig. This is a recent development in welding, 
and, like the flash-weld process, relies on arc effect for heating rather 
than on the resistance in the metal. Pieces to be welded are held 
apart, one in a stationary holder and the other in a clamp mounted 
in a slide and backed up against heavy spring pressure (see Figure 8). 
When the movable clamp is released, it moves rapidly, carrying with 
it the piece to be welded. When the pieces are atout inch apart, 
there is a sudden discharge of electric energy, causing intense arcing 
over the surfaces and bringing them to a high temperature. The 
arc is extinguished by the percussion blow of the two parts coming 
together with sufficient force to effect the weld. 

The electric energy for the discharge is built up in one of two ways. 
In the electrostatic method, energy is stored in a capacitor, and the 
parts to be welded are heated by the sudden discharge of a heavy cur¬ 
rent from the capacitor. The electromagnetic welder uses the energy 
discharge caused by the eolia|>sing of the magnetic field linking the 
primary and secondary wfiidings of a transformer or other inductive 
device. In either case intinse arcing is created, which is followed by 
a quick blow to make the weld. 

The action of this process is so rapid (about 0.1 second) that there 
is little heating effect in the material adjacent to the weld. Heat- 
* treated parts may be welded without being annealed. Parts differing 
in thermal conductivity and mass can be successfully joined, since the 
heat is concentrated only at the two surfaces. Some applications are 
welding Stellite tips to tools, copper to aluminum or stainless steel, 
silver contact tips to copper, cast iron to steel, lead-in wires on electric 
lamps, and zinc to steel. Butt w^lds are made without any upset or 
flash at the joint. The principal limitation of the process is that only 
small areas (up to % square inch) of nearly regular sections can be 
welded. Thin shMts of equivalent area cannot be joined by this 
pitxess. The equipment is expensive, since it must be extremely 
rugged and must be provided with accurate holding fixtures and with 
elaterate electric timing devices and large transformer capacity. 
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••i nwMiif. ds welding includes all the processes in which 
gates aie used in combination to obtain a hot Same. Those com¬ 
monly used are acetylene, natural gas, and hydrogen in combination 
with oxygen. Oxyhydrogen welding'Was the first gas process to be 
commercially developed. The maximum temperature developed by 
this process is 3600 F. Hydrogen is produced either by the elearol- 
ysis of water or by passing steam over coke. The most-used com- 
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bination is the oxyacetylene process which has a flame temperature 
of 6300 F. 

OiFVCofyloM w«ldlsf« An cncyacetylene weld is produced by 
head^ wi^ a flame' obtained from the combustion of oxygen and 
acetylene and with or without the use of a filler metal. In most cases 
the joint is heated to a state of fusion, and, as a rule, no pressure is 
used. 

Oxygen is |»noduced by electrolysis and liquefying air. Electrolysb 
separates water into hydrogen and oxygen by passing an electric cur-^ 
rent through it Most of the commer^ oxygen is made by liquefy- 
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inn; air and separattn| the oxygen fi^ the nitrogen. It is stored in 
steel cylinders, as shown in Figure 10, at a pressure of 2000 pst. 
Acetylene gas (C 2 H 2 ) is obtained by dropping lumps of calcium 
. carbide in water. The gas bubbles up through the water, and the 
remainder of the calcium carbide is converted into slaked lime. The 
reaction that takes place in an acetylene generator is 

CaCj + 2H2O -Ca(OH )2 + CgHg 

CUdant Water Slaked Aoetyieiie 

earbide lime gas 

The calcium carbide used for making this gas is a hard, gray, stone¬ 
like material formed by smelting calcium with coal in an electric 
furnace. This material is crushed, sized, and stored in air-tight steel 
drums before‘its use. Acetylene gas can be obtained either from 
acetylene generators, which generate the gas by mixing the carbide 
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Rg. 12. Skateti of iwutrol flamo thowing^tomporoturot ottalnod. 
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with the water, or purchased in cylinders ready for use. Because 
this gas may not be safely stored at pressure much over 15 psi, it is 
stored in combination with acetone. Acetylene cylinders are filled 
with a porous filler, saturated with acetone, in which the acetylene 
gas can be compressed. These cylinders hold .SOO cubic feet of gas at 
pressures up to 250 psi. 

A cross section of a welding torch is shown in Figure 11. It con¬ 
sists of a series of brass tubes through which and into which the 
gases are conducted and finally mixed, valves for controlling the 
volumes of acetylene and oxygen, and a copper tip from which the 
gas mixttire is burned. Regulation of the proportion of the two 
gases is of extreme importance, because the characteristics of the 
flame may be varied. 

Three types of flames that can be obtained are reducing, neutral, 
and oxidising. Of the three the neutral flame shoMm in Figure 12 
has the widest application in welding and cutting operations. The 
inner, luminous cone at the tip of the torch requires approximately 
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a oiie>to<me mixture of oxygm and zxxv^tai and it the result of 
the reaction indicated on the figure. This cone is surrounded by 
an outer*envelope flame which is only faintly luminous and slightly 
bluish in color. The oxygen required for this flame comes from the 
atmosphere. The maximum temperature of 6000 to 6300 F is ob¬ 
tained at the tip of the luminous cone. 

When there is an excess of acetylene used, there is a decided change 
in the appearance of the flame. In this flame there will be found 
three zones instead of the two just described. Between the luminous 
cone and the outer envelope there is an intermediate cone of whitish 
color, the length of which is determined by the amount of the excess 
acetylene. This flame, known as a reducing or carbonizing flame, is 
used in the welding of Monel metal, nickel, certain alloy steels, and 
many of the nonferrous, hard-surfacing materials, such as Stellite and 
Ck>lmonoy. 

If the torch is adjusted to give excess oxygen, a flame similar in 
appearance to the neutral flame is obtained, except that the inner 
luminous cone is much shorter, and the outer envelope appears to 
have more color. This oxidizing flame may be used in fusion welding 
of brass and bronze, but it is undesirable in other applications. 

The advantages and uses of oxyacetylene welding are numerous. 
The equipment is comparatively inexpensive and requires little main¬ 
tenance. It is portable and can be used with equal facility out in 
the field and in the facton/. With proper technique, practically all 
metals may be welded, an^l the equipment can be used for cutting 
as well as welding. The process is especially adapted to the welding 
of sheet metal, to flame hardening, and to the application of many 
hard-facing materials. 

Oxybydrofoa wwldliif. Since oxyhydrogen burns at a much 
lower temperature (3600 F) than oxygen and acetylene, it is used 
primarily for welding thin sheets and low-melting alloys and in smne 
brazing work. While the same equipment can be used for both 
processes, flame adjustments are more difficult in hydrogen welding 
because there is no distinguishing color to judge the gas proportions. 
A reducing atmosphere is recommended, and the process is charac¬ 
terized by the absence of oxides formed on the surface of the weld. 
The quality of these welds is equal to that obtained by other 
processes. 

4lr-«e##yloM woldfif • The torch used in this process is similar 
in construction to a Bunsen burner—air is drawn into the torch as 
required for proper combustion. Since the temperature is lovrer than 
thM attained by other gas processes, this type of welding has limited < 
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use. Principal applbationi of the process include lead Yielding and 
low-temperature brazing or soldering operations. 

Proisar* f •• wafdhif . In pressure gas welding, the abutting areas 
of parts to be joined are heated with oxyacetylene flames to a welding 
temperature {around 2200 F), and pressure applied. It is a butt¬ 
welding process and similar to the resistance method except that 
heat is applied by a gas flame instead of by electrical resistance. Two 
methods are in common use. In the first, known as the closed-joint 
method, the surfaces to be joined are held together under pressure 
during the heating period. Multiflarae water-cooled torches, de- 
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signed to go completely around the joint,,are used in this operation. 
During the heating operation the torches are oscillated slightly back 
and forth to eliminate excessive local heating; As the heating pro¬ 
gresses, the ends, which are prepared with a slight bevel, close up. 
When the correct temperature is reached, an additional upsetting 
pressure is applied. For low-carbon steel the initial pressure is below 
1500 psi and the upsetting pressure around 4000 psi. Pressures vary 
with the material, and for high-carbon steel and man) alloys, a 
constant pressure is applied throughout the entire welding cycle. 

The second or open-joint method (shown in Figure 13) employs 
a flat multiflame torch which is placed between the two surfaces to 
be joined. This torch uniformly heats these surfaces until there is a 
filin of molten metal over each of them. The torch is then quickly 
withdrawn, and the two surfaces are forced together and held under 
pressure (around 4000 psi) until solidification takes place. The 
appearance of this joint is similar to that obtained by flash welding, 
whereas the closed-joint method produces a joint with a bulging 
appearance. * 

This process is successfully used in the welding of rods, tubes, rail- 
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road raih, and pipe lines. Dissimilar metals /in be joined* for ex¬ 
ample* high-speed steel can be joined to carbon shanks in the manu¬ 
facture of certain tools. No filler metal is used* and the quality of 
the weld is determined by the properties of the metal being joined 
OxyoetfyfcM torch cutting. The cutting of steel with a flame- 
cutting torch has developed into a very important production process. 
A simple hand torch for flame cutting is shown in Figure 11. It 



Rg. 14. Cutting • iquara billet with ■ portable bar-cutting machine. (Courtety The 
Unde Air Products Company.) 

differs from the welding torch in that it has several small holes for 
preheating flames, surrounding a central hole through which pure 
oxygen passes. The preheating flames are exactly like the welding 
flames and are intended only to preheat the steel before the cutting 
operation. The principle on which flame cutting operates is that 
oxygen has an affinity for iron and steel. At ordinary temperatures 
this action is slow, but eventually an oxide in the form of rust 
materializes. As the temperature of the steel is increased, this action 
becomes much more rapid. If the steel is heated to a red color and a 
jet of pure oxygen is blown on the surface, the action is almost 
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instantaneous, and t\( steel is actually tnirned into an iron oxide slag¬ 
like appearance. About 1.3 cubic feet of oxygen is required to bum 
up 1 cubic inch of iron. This action is illustrated in Figure 14, where 
a square steel billet is being cut with a portable machine. In the 
operation shown, the blowpipe starts and finishes at an angle, while a 
constant clearance is maintained at all times between the cutting 
nozzle and the billet. Metal up to 30 inches in thickness can be 
cut by this process. 

Many cutting machines have been developed that automatically 
control the movement of the torch to cut any desired shape. Such a 
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machine cutting several parts simultaneously is shown diagrammat- 
ically in Figure 15. In all such machines there is provided some sort 
of control or sensing device to guide the torches along a prede¬ 
termined path. This control, in its simplest form, may be a hand- 
guided pointer, following a drawing or held against a template. 
Usually these machines are electrically driven and are provided with 
a knurled, magnetized drive spindle which follows a steel template 
and controls the movethent of the machine at the proper cutting 
speed. There is also an electronically controlled sensing device which 
is provided with an electric eye capable of following a line drawing, 
thus eliminating the need for template construction. 

Most cutting torches use acetylene in combination with oxygen to 
provide the necessary flame for preheating. This is not essential, 
however, as hydrogen, natural gas, or propane can be used. Hydro- 
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gen gau i$ recommended for underwater cutij^. while the others 
are often used because of lower cost. 

Many parts that previously required shaping by forging or casdi^ 
are now cut to shape by this process. Flame-cutting machines* which 
replace many machining operations where accuracy is not paramount* 
are widely used in the shipbuilding industry* structural fabrication* 
maintenance work, and the production of numerous items made £rom 
steel sheets and. plates. Cast iron, nonferrous alloys, and high-man¬ 
ganese alloys are not readily cut by this process. 

Flame mochfnfng.^ Flame machining is the term used to describe 
the operation of removing metal with a cutting blowpipe. It diffen 
from ordinary flame cutting in that it does nut sever the main body 
of metal but merely removes metal as is done in machining operations. 
The torch is held at a small angle to the work surface and, as it pro¬ 
gresses, cuts out a groove instead of penetrating. The process is rapid, 
requiring no power, and the work setup need not be rigid. On the 
other hand, the surface finish is not good and close dimensional 
accuracy cannot be attained. However, for many rough machining 
operations involving the removal of a large amount of metal, this 
method of cutting should be considered. 

Are weldfleg. Arc welding is a process in which coalescence is 
obtained by heat, produced from an electric arc, between the work 
and an electrode. The electrode or filler metal is heated to a liquid 
state and deposited into tfle joint to make the weld. Contact is first 
made between the electrocfe and the work to create an electric cir¬ 
cuit* and then, by separatii% the conductors, an arc is formed. The 
electric energy is converted into intense heat in the arc* which attains 
a temperature around 10,000 F. 

Either direct or alternating current can be used for arc welding, 
direct current being preferred for most purposes. A d-c welder (see 
Figure 16) is simply a motor-generator set of constant-eneigy type 
(constant potential may also be used), having the necessary charac¬ 
teristics to produce a stable arc. There should not be too great a 
current surge when the short circuit is made* and the machine should 
compensate to some extent for varying lengths of the arc D-c 
machines are built in capacities up to 600 amperes* having an op«i- 
circuit vcdtage of 40 to 95 volts. A 200-ampere machine has a rated 
current range of 40 to 250 amperes* according to the standard of 
the National Electrical Manufacturers Association. While welding is 
going on, the closed-circuit voltage is 18 to 25 volts. In straight 

^ i. L C«dy. "PUmt Cuttiiif and Madiining MaHiodi,'' tdvMt S AHoft, May 1948. 
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polarity the electrode is the negative terming, whereas in revere 
polarity the electrode is the positive tenninai. 

Cart0ihal*cfrod9 widlag. The first methods of arc welding, 
which employed only carbon electrodes, are still in use to some extent 
for both c'anual and machine operation. The carbon arc is used 
only as a source of heat, and the torch is handled in a fashion 
similar to that used in gas welding. Filler rods supply weld metal 
if additional metal is necessary. The twin>carbon>arc method was 
one of the first used, the arc being between the two electrodes and. 
not with the work. In operation the arc is held ^ to % inch above 
the work, and best results are obtained with the work in a flat posi' 
tion. The use of this method is limited to brazing and soldering. 

A second process, utilizing a single, carbon electrode of negative 
polarity, is considerably simpler. ,The arc is created between the 
carbon electrode and the work, and any weld metal needed is sup¬ 
plied by a separate rod. Such an arc is easy to start, as there is no 
tendency for the electrode to stick to the metal. Straight polarity 
must always be used, as a carbon arc is unstable when held on the 
positive terminal. 

Most carbon-arc welding of this type is done with the use of auto¬ 
matic welding equipment where the arc voltage and current, rate of 
travel, and rate of feeding the filler rod are all properly controlled. 
Since a carbon arc is easily affected, by magnetic fields, a separate 
magnetic field is built into the electrode holder to stabilize the arc 
and control its direction. * Protection of the metal can be obtained 
by introducing either inerfk gases or slag-forming fluxes into the arc. 
Carbon-arc welding is used for welding cast iron, steel, copper, 
bronze, galvanized iron, and aluminum, as well as for rough cutting 
of metals. 

M•#of••f•efrod• waldlag. Shortly after the development of 
carbon-electrode welding, it was discovered that, by the use of a metal 
electrode with the proper current characteristics, the electrode itself 
could be melted down to supply the necessary weld metal. A basic 
patent for this process which is in general use today was issued to 
Charles Coffin in 1889. In actual operation, an arc is started by 
striking the work with an electrode and quickly withdrawing it a 
short distance. As the electrode end is melted by the intense heat, 
most of it is transferred across the arc in the form of small globules 
to a molten pool. A small amount is lost by being vaporized, and 
some globules are deposited alongside the weld as spatter. The arc 
is maintained by uniformly moving the electrode toward the work at 
a rate that compensates for that portion of it which has been melted 
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and. transferred to weld. At the' same time the electrode is 
gradually moved along the joint being welded. 

For ordinary welding there is little difference in the quality of the 
welds made by a-c and d*c equipment. The a< machines consist 
principally cf static transformers which are simple pieces of equip* 
ment having no moving parts. Their efficiency is high, their loss at 
no load is negligible, and their maintenance and initial costs are low. 
Welders of this type are built in six sizes specified by NEMA*, and 
are rated at 150, 200, 300, 500, 750, and 1000 amperes. For welding 
requiring 750 amperes or higher, a-c equipment is preferred. The 
fact that there is less magnetic flare of the arc or "arc blow" with 
a*c than with the d-c equipment is important in the welding of heavy 
plates or fillet welding. For jobs requiring medium* or small- 
amperage current loads the a*c equipment is limited by the type of 
electrodes required. Most of tlie nonferrous metals and many of the 
alloys cannot be welded with a-c equipment, because electrodes have 
not been developed for this purpose. 

The welding speed, the quality of welds, and the ease of welding 
of a-c and d-c welders are comparatively the same. D-c machines 
may be used with all types of carbon and metal electrodes since the 
polarity can be changed to suit the electrode. With the a-c welder 
the alternating current is constantly reversing with every cycle, and 
electrodes have to be selected that will operate on both polarities,. 
A-c welders operate at slightly higher vol^gcs, and hence the danger 
of shock to the operator is increased. In spite of these limitations, 
there is a growing demand for the a-c type of welder in fabrication 
and maintenance shops, sheet-metal work, and jobbing machine shops. 

ffloefredos. The three types of metal electrodes (or "rods") are 
bare, fluxed, and heavy coated. Bare electrodes have a limited use 
for the welding of wrought iron and mild steel. Straight polarity is 
generally recommended. Improved welds may be made by applying 
a light coating of flux ou the rods with a dusting or washing process. 
The flux assists both in eliminating undesirable oxides and in pre¬ 
venting their formation. However, the heavily coated arc electrodes 
are by far the most'important ones used in all types of commercial 
welding. Over 95% of *the total manual welding that is being done 
today is with coated electrodes. 

Figure 17 is a diagrammatic sketch showing the action of an arc 
using a heavy-coated electrode. In the ordinary arc with bare wire 
the deposited metal is affected to some extent by the oxygen and 
nitrogen in the air. This causes undesirable oxides and nitrides to 
be formed in the weld metal. The effect of heavy coatings on elec* 
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erodes it to (M'ovide a gas shield around the fre to eliminate such 
conditions and also to cover the weld metal with a protective slag 
coating which prevents oxidation of the surface metal during cooling. 
Welds made from rods of this type have superior physical character* 
itttes. Manufacturers’ recommendations should always be followed 
in the selection of an electrode for a given job. 
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Rs. 17. Dl^anmiiMtic ilttteh of ore floiiio. 


ffeefred* ceafliifs. Electrodes coated with slagging or fluxing 
materials are particularly necessary in the welding of alloys and 
nonferrous metals. Some of the elements in these alloys are not 
very stable and are lost if there is no protection against oxidation. 
Heavy coatings also permit the use of larger welding rods, higher 
^current, and greater welding speeds. In summary, the coatings per¬ 
form the following functidns: 

1. Provide a protecting\tmosphere. 

2. Provide slag of suitable characteristics to protect the molten 
metal. 

3. Facilitate overhead and position welding. 

4. Stabilize the arc. 

5. Add alloying elements to the weld metal. 

6. Perform metallurgical refining operations. 

7. Reduce spatter of weld metal. 

8. Increase deposition efficiency. 

9. Remove oxides and impurities. 

10. Influence the depth of arc penetration. 

11. Influence the shape of the tead. 

12. Slow down the cooling rate of the weld. 

These functions are not common to all coated electrodes, since the 
coating put on a given electrode is largely determined by the kind 
of welding it has to perform. It is interesting to note that the 
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coating ccnnposition Is also a determining factor in electcode polarity. 
By varying the coating, rods may be used with either the positive or 
the negative terminal. Properly coated electrodes produce a weld 
metal having physical properties equal to the base meuL 

Coating compositions which have been developed to accomplish 
these results may be classified as organic and inorganic coatings, 
although in some cases both types might be used. Inorganic coatings 
can be further subdivided into flux compounds and slag<forming 
compounds. These are some of the principal constituents used: 

1. $lag*forming constituents: Si 02 , Mn 02 , and FeO. AI 2 O 3 is 
sometimes used, but it makes the arc less stable. 

2. Constituents to imjHnve arc characteristics: Na 20 , CaO, MgO, 
and Ti 02 . 

3. Deoxidizing constituents: graphite, aluminum, and wood flour. 

4. Binding material: sodium silicate, potassium silicate, and 
asbestos. 

5. Alloying constituents to improve strength of weld: V, Ce, Co, 
Mo, Al, Zr, Cr, Ni, Mn, W, and Cb* 


•focfrodM. The term contact electrode has been given 
to those electrodes which have a coating with a high metal powder 
content and are suitable for welding wiUi a drag or contact tech* 
nique. In most cases the electrode has an automatic striking or 
self-igniting characteristic due to the iron in the coating. By adding 
appreciable quantities of metal powder to the coating and increasing 
its thickness, the deposition rate is substantially increased. .In some 
cases the coating may furnish as much weld metal as the core wire. 
Since the core melts at a slower rate than the wire, a deep cup is 
formed, providing excellent protection for the arc. This also pre¬ 
vents the wire from sticking to the work. Contact electrodes which 
have proved to be quite successful and economical, are still in a 
developmental stage: and their ultimate value and use still have to 
be determined. 

woWtef. This form of welding 
utilizes a tape impregnated with materials that have a shielding efea 
on the arc when they are consumed. The results are ounparable 
with those obtained by using a heavy-coated electrode. This pro¬ 
cedure is used only in autcnnatic machine welding, in which case the 
tape it wrapped around the bare wire just ahead of the arc Excel¬ 
lent welds are made in this fashion and are of a quality equal to 
those obtained when a heavy-coated rod is used. 
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Afomle-kydr^gn arc wofifliif • In this pn^ss a single-phase a-c 
arc is maintained between two tungsten electrodes, and hydrogen is 
introduced into the arc as shown in Figure 18. As the hydrogen 
enters the arc, the molecules are broken up into atoms, which recom* 
bine into molecules of hydrogen outside the arc. This reaction is 
accompanied by the liberation of an intense heat, attaining a tern* 



Fig. 18. Afemie-hydrogM w«lcliitg «re drawn fo show flew of gas and haat. Elae*. 
troda holder shewn in longitudindi saetien. (Courtesy General Electric Company.) 

I 

perature of about 11,000 F. Weld metal may be added to the joint 
in tlie form of welding rod, the operation being very similar to the 
oxyacetylene process. The atomic-hydrogen process differs from 
other arc-welding processes in that the arc is formed between two 
electrodes, as shown in Figure 19, rather than between one elec¬ 
trode and the work. This makes the electrode holder a mobile tool, 
since it can be moved from place to place without the arc being 
extinguished. 

The outstanding advantage of this process over others is its ability 
to provide high heat concentrations. In addition, the hydrogen also 
acts as a shield and protects the electrodes and molten metal from 
oxidation. Metal of the same analysis as the metal being welded 
can be used with both manual and automatic equipment, and many 
alloys, difficult to vreld by other processes, can be successfully treated. 
The welds are clean, smooth, and free from scale, and they respond 
to heat treatment in the same way as the parent metal when weld 
metal of the same composition is used. The process has wide use in 
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die repair; it successkilly welds heat*reaisting alloys; it has proved 
to be an excellent means of applying carbides and many other hard* 
surfacing alloys; and it is widely used in production work where 
special ferrous and nonferroiis alloys are used. 

Tungsten 



Hydrogen Z— Trigger for Separating 
Cylinder Electrode 

Fig. 19. Torch for otomic-hydrogon wolding. 


Ill•rf-ga•-sfci•fd•cf arc wldlng. In this process, coalescence is 
produced by heat from an arc; between a metal electrode and tlie 
work which is shielded by an atmosphere of either argon or helium. 
Two methods of welding are employed: one using a tungsten elec¬ 
trode with filler metal added as in gas we]|,ding, and the other using 
consumable metal wire as the electrode, llioth methods are adaptable 
to either manual or automatic machine weldings and no flux or wire 
coating is reejuired for protection of the weld. 

A hand torch using a tungsten electrode is shown in Figure 20. 
This torch is water-cooled and constructed w'ith a gas no/zle .sur¬ 
rounding the tungsten electrode so that the gas, as it leaves the noz/le, 
completely envelops the tip r)f the electrode and the work beneath it. 
Either alternating or direct current can be used, the selection being 
determined by the kind of metal to be welded. Direct current with 
straight polarity is required for welding copper alloys and stainless 
steel, whereas reverse }>olarity is used for magnesium. Alternating 
current is more versatile m its application and is used for steel, cast 
iron, and aluminum, as well a.s those metals mentioned above. 

The manually corrtrolled, consumable electrode is fairly new and 
differs considerably in operation from the afore-mentioned method. 
Figure 21 shows one of a number of manually operated guns avail¬ 
able for this type of welding. As may be seen, the wire is pulled to 
the torch by knurled rollers and fed on through to the arc. The 
wire size ranges from O.OSO to 0.093 inch in diameter. This torch 
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flf> 21. Chm for •l•etrorf• mMfnf foreh with cover remeved* 

(Cccrfoiy GciMrcl iicctric Cempeny.) 
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uses direct current unth either helium or argon and is water-cooled. 
The entire equipment for the process, other than the gun, includes 
a wire reel and drive unit and a self-regulating welding generator. 
The generator has controls for setting arc length only and will auto¬ 
matically supply the proper current for any wire speed requii-ed. 
This process has the characteristics of an automatic process and can 
be used manually in all welding positions. It is adapted for welding 
aluminum, mild and stainless steel, aluminum bronze, nickel, and 
magnesium. 

Inorf^got mofaf-arc cuffing* A new process-^ for cutting non- 
ferrous metal has been developed which utilizes an inert-gas con¬ 
sumable-electrode gun similar to the one shown in Figure 21. An 
arc is established on the metal and the electrode is fed 

through at a speed such that the tip of the wire is at the bottom 
of the work piece. The cutting action, shielded with an inert gas, 
extends from the entire surface of the leading side of the wire rather 
than from the tip. For this reason it is very important that the wire 
feed and cutting speed be held constant. The inert gas best suited 
for cutting is argon. Direct current, ranging from 450 to 900 amperes, 
is recommended for most thicknesses. The process is particularly 
adapted to the cutting of aluminum, although plates of brass, nickel, 
and copper have also been cut. 

Aufemafie nre^wnUing mnekinme* Much metal electrode weld¬ 
ing is now being done by machine or autdhiatic units. Such welding 
is essentially the same as manual weldinj[^ except that machine units 
are supplied with controls that feed the wire as it is consumed and 
move either the welding head or work along at a proper welding rate. 
Some control systems vary the feed rate of the electrode as the voltage 
across the arc varies. If the voltage increases, indicating a longer 
arc than desired, the rate of feed increases. A low’er voltage indicates 
a shorter arc and the feed is reduced, the goal being to hold a 
uniform arc length. Other systems feed the electrode at a constant 
rate of speed. This also gives a uniform arc length when used with 
a power source having constant voltage output. The electrode and 
molten base metal are prbtected from oxidation by shields of argon, 
helium, or carbon dioxide. 

Prerequisites^ for economic machine welding are a sufl&cient 
volume of production to justify expensive equipment and a uniform 
product. Assemblies must fit together readily, and each piece must 
be of the same size and similar in contour. Often jigs and handling 

*IL S. Icbcoek, M»**l-Are CuHiin," TA* WMiii§ Jwirntd, April I9SS. 

F. Wyw. "FroyrMi in AirfmiMtie Are WttdinQ,'* Madttmrf. Noy«mlMHr»-> 
D«e«ml>»r 1944. 
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devices are necessary to position the work. If'^these conditions are 
fulfilled, machine welding will be economical. The use of automatic* 
welding machines results in increased welding speed and unifcnrm 
quality of the weld. In addition, the operator is relieved of tedious 
work, since he does not have to maintain the proper arc length and 
travel speed. 



FI 9 . 22. Fill«r>are airtonwtlc*wtldtn 9 squipfiwiit. (Cowtasy Ganwal Elaeltle 
Company.} 

An 800-ampere d-c arc welding unit designed for the consumable 
electrode, gas-shielded welding process, is shown in Figure 22. The 
bare wire electrode is mechanically fed through the torch and pro¬ 
vides the filler metal in the weld. The generator is self-regulatiiig 
and supplies the rig^t current to consume the amount of wire being 
fed. The operatm- sets tlie arc length on the generator and* even 
though the wire speed it changed while weldings the current will 
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always be correct to burn oK the wire uniformly. Satisfactory results 
depend on holding the arc length constant regardless of wire speed. 
Gas, such as argon and carbon dioxide, flows out of the torch around 
the arc and forms a protective shield. Wire sires range from 0.020 
to 0.125 inch with automatic units of this general type. Automatic 
welding machines find wide use in production welding of both 
straight and circumferential seams. 

Carbon dioxide gas as a means of shielding the arc is being used 
extensively because of its low cost. Compared with argon and helium 
the cost ratio is around 9:1 and 7:1, respectively, in favor of carbon 
dioxide. However, welding in an atmosphere of carbon dioxide 
results in much spatter and Joss of certain elements in the electrode 
unless close control of operating conditions is maintained. It is 
important that a very short and uniform arc be used. High current 
densities are required so the wire feed is high. Because of the close 
control required most carbon-dioxide-shielded arc welding is per¬ 
formed on automatic welding machines. 

Arc tpe# wcldhg. An interesting application of inert-gas arc 
welding is in the making of spot, plug, or tack welds by an argon 
shielded electric arc using consumable electnxles. To effect a weld, 
a small welding gun with pistol grip is held tightly against the work 
to be welded. As the trigger is released, the argon valve is opened, 
and the current is allowed to pass through the electrode for a preset 
interval (2 to 5 seconds), and then both are shut off. An advantage 
of this equipment is that spot welds can be made on thin sheets 
from one side of the work only. Being a low-cost process, it is par¬ 
ticularly useful in welding large or irregularly shaped assemblies that 
are difficult to spot-weld with resistance equipment. 

Schmcrgcd^crc wbfding. This process is so named because the 
metal arc is shielded by a blanket of granular, fusible flux during the 
welding operation. Aside from this feature, its operation is quite 
similar to other automatic arc-welding methods. In operation, a 
bare electrode is fed through the welding head into the grmiular 
material, as shown in Figure 23. This material is laid down along 
the seam to be welded, and the entire welding action takes place 
Ixhieath it. The arc is started either by striking beneath the flux on 
the work or initially by placing some conductive medium like steel 
wool beneath the electrode. The intense heat of the arc immediately 
produces a pool of molten metal in the joint and at the same time 
melts a portion of the granular flux. This material floats on top of 
the molten metal, forming a blanket which eliminates spatter losses 
and protects die welded joint from oxidation. Upon cooling, the 
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fiwed slag solidifies and is easily removed; granular material not fused 
is recycled and used again. 

This process is limited to fiat welding although welds can be made 
on a slight slope or on circumferential joints. It is advisable to use 
a backing strip of steel, copper, or some refractory material on the 
joint to avoid losing some of the molten metal. The process uses 
high currents, 300 to 4000 amperes, which permits high rates of 
metal transfer and welding speeds. Deep penetration is obtained, 
and most commercial thicknesses of plate metal can be welded with 
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one pass. As a result, thin plates can* be welded without any prepara¬ 
tion, whereas only a small vee is required on most others. Most 
submerged-arc welding is done on low-carbon and alloy steels, but it 
may also be used on many of the nonferrous metals. 

$#«d are weMiaf . Stud welding is a d c arc-welding process de- 
velojied to end-weld metal studs to flat surfaces. It is accomplish^ 
with a pistol-shaped welding gun which holds the stud or fastener to 
be welded. When the trigger of the gun is pressed, the stud is lifted 
to create an arc and then forced against the molten pool by a backing 
spring. The entire operation is controlled by a timer, preset accord¬ 
ing to the size of the stud being welded. Shielding of the arc is 
usually accomplished by surrounding it with a ceramic ferrule whidi 
also confines the metal to the weld area and protects the operator 
from the arc. Stud welding has much use in ship construction as well 
as in many industrial applications involving the use of metal fasteners. 
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TkmrmH Thermit welding is the only welding prc^ss 

employing an exothermal chemical reaction for the purpose of devel¬ 
oping a high temperature and is based on the fact that aluminum 
has a great affinity for oxygen and can be used as a reducing agent for 
many oxides. The usual Thermit mixture or compound consists of 
finely divided aluminum and iron oxide, mixed at a ratio of about 
1 to 5 by weight. The iron oxide is usually in the form of roll mill 
scale. This mixture is not explosive and can be ignited only at a 
temperature of about 2800 F. A special ignition powder is used to 
start the reaction. The chemical reaction requires only about 30 
seconds and attains a temperature around 4500 F. The mixture 
reacts according to the chemical equation: 

8A1 -f- SFe^O^ ““ OFe 4- 4Al20g 

The resultant products are a highly purified iron (actually steel) and 
an aluminum oxide slag, which floats on top and is not used. Other 
reactions also take place, as most Thermit metal is alloyed with 
manganese, nickel, or other elements. 

Figure 24 illustrates the method of preparing the material for such 
a weld. Around the break where the weld is to be made, a wax 
pattern of the weld is built up. Refractory sand is packed around 
the joint, and necessary provision is made for riser and gates. A pre¬ 
heating flame is used to melt and burn out the wax, to dry the mold, 
and to bring the joints to a red heat. Tl\£ reaction is then started in 
the crucible, and, when it is complete, the metal is tapped and 
allowed to flow into the mold. Since thfe weld-metal temperature is 
approximately twice the melting temperature of steel, it readily fuses 
in the joint. Such welds are sound, ^cause the metal solidifies from 
the inside toward the outside, and all air is excluded from around 
the mold. 

In Thermit pressure welds, the ends of joints to be welded are 
pressed tightly leather, and a mold is built around a joint. After 
the reaction starts, the slag is poured in first to form a glasslike 
surface around the joint, and then the superheated metal is added. 
When the heat from the slag and metal bring the joint up to welding 
temperature, the weld is made by pressure, similar to the procedure 
followed in resistance butt welding. 

There is no limit to the size of welds that can be made by Thermit 
welding. It is used primarily for the repairs of large parts which 
would be difficult or uneconomical to weld by other processes. 

CoM-pr*ttiir# wofdlaf. Cold-pressure welding is a method of 
joining nonferrous metals by applying pressure and causing the 
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Rg. 24. Lint drawing of meld and crucible for a Thwmit weld. (Ceurtety Metal A 
Thermit Corporation.) 
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meuls to flow in a l^ianner necessary to produce a weld. The type 
of bond obtained is shown by the micrograph in Figure 25. Before 
a weld is made, the surfaces or parts to be joined must be wire* 
brushed thoroughly at a surface speed around 3000 fpm to remove 
oxide Aims on the surface. Other methods of cleaning seem to be 
unsatisfactory. In making a weld, the pressure is applied over a 
narrow strip so that the metal can flow away from the weld on both 
sides. It may be applied either by impact or with a slow squeezing 



Rg. 2S. A mieroMetien of an •luminum cold wald, tkowing tinat ef flow. (CourtMy 
Koldarold Corporation.) 


action, both methods being equally effective. Pressure required for 
aluminum ranges from 25,000 to 35,009 psi. Spot welds are rec* 
tangular in shape and in terms of gage thickness are approximately 
t X 5t in size. In addition, both ring welds and continuous seam 
welds can be made. The greatest success of this method of welding 
has been with aluminum and copper; however, lead, nickel, zinc, 
and Monel can also be Joined by cold pressure. 

. TABLE 12. Brazing and Soldering 

Dipping Furnace Gas torch Electric Soft soldering 

1. M^al 1. Gas ,1. Oxyacetylene 1. Resistance 1. Soldering iron 

2. Chemical 2. Electric 2. Oxyhydrogen 2. Induction 2. Wiping 

3. Arc 

Broiiif and Soldnrlng 

In the processes of brazing and soldering, which unite metals by 
means of a different metal, as shown in Table 12, Joints are made 
without pressure, the joining metal merely being introdu<%d into the 
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joint in a liquid state and allowed to solidify. /Both fnocesses have 
wide commercial use in the uniting of «nall assemblies and dec- 
tQpd parts. 

trtuiMf, In brazing, a nonferrous adloy is introduced in a liquid 
state, between the pieces of metal to be joined, and allowed to 
solidify. The filler metal has a melting temperature of over 800 F. 
but lower than the melting temperature of the parent metal, and is 
distributed between the surfaces by capillary attraction. Braze weld¬ 
ing is similar to ordinary brazing except that the filler metal is not 
distributed by capillary attraction. In both cases special (luxes are 
required to remove surface oxide and to give to the filler metal the 
fluidity necessary to wet the joint surfaces completely. The brazing 
metals and alloys commonly used are as follows: 

1. Ck>pper: melting point 1982 F. 

2. Ckipper alloys: brass and bronze alloys having melting points 
ranging from 1600 F to 2250 F. 

S. Silver alloys; melting tem|3eratures ranging from 1165 to 1550 

4. Aluminum alloys: melting temperatures ranging from 1025 F to 
1785 F « 

In the brazing of two pieces of metal, the joint must first be 
cleaned of all oil, dirt, or oxides, and the pieces properly fitted 
together with appropriate clearance for the filler metal. Mechanical 
or chemical cleaning may^ be necessary in the joint preparation in 
addition to the flux used during the process. Borax, either alone or 
in combination with other salts, is commonly used as a flux. 

According to Table 12 the following four methods can be used in 
heating the metal to complete a joint: 

1. Dipping the assembled parts in a bath of filler metal or flux. 
When dipped in a flux bath, which is held at a temperature sufficient 
to melt the filler metal, the assembly must be held together securely 
in a jig and the joint preloaded with the brazing alloy. 

2. In furnace brazing the assemblies are held in position by jigs 
and are introiluccd into a controlled-atmosphere furnace maintained 
at the proper temperature to melt the brazing metal. These*furnaces 
can be either gas- or electric-heated, and of the batch or continuous 
type. 

5. Torch brazing is similar to oxyacetylene welding. Heat is 
applied locally by an oxyacetylene or oxyhydro^n torch, and the 
filler metal, in wire form, is melted into the joint. Flux is applied 
by immersing the wire. 

/foAcfbeei, Am*rie«n Secisty for 1948, p. 10. 

tutd irtnunf of,Alcoa Aluminam, Aluminum Company of Amorteo, p. 99. 
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4. In electric bra^g the heat may be applied by resistance, by 

induction, or by an arc. Of these methods, the first two are most 

often used because of their speed and accurate temperature control. 

•* 

To facilitate speed in brazing, the filler metal is frequently pre¬ 
pared in the form of rings, washers, rods, or other, special shapes, to 
fit the joint being brazed. This insures having the proper amount of 
filler metal available for the joint as well as having it placed in the 
correct position. 

Joints in brazing may be of the lap. butt, sleeve, or scarf types, or 
of various shapes obtained by curling, upsetting, or seaming processes. 
The strength of the joint is determined principally by the strength 
of the brazing material used, although other influencing factors are 
strength of the parent metal, amount of clearance, cleanness of the 
joint, and method of heating and cooling. 

One advantage of the brazing process is the effecting of joints 
in materials difficult to weld, in dissimilar metals, and in exceedingly 
thin sections of metal. In addition, the process is rapid and results 
in a neat-appearing joint requiring a minimum of finishing. Brazing 
is used for the fastening of pipes and fittings, tanks, carbide tips on 
tools, radiators, heat exchangers, electrical parts, and the repair of 
castings. 

'Solcforlng. Soldering differs from brazing in that lower-tempera¬ 
ture filler metals (below 800 F) are used ip the joint. Lead and tin 
alloys having a melting range of 300 to 700 F are used principally in 
soldering, and the strength of the joint is determined by the adhesive 
qualities and the strength of these alloys. Although any heating 
method used in brazing can be employed in this process, much solder¬ 
ing is d5ne with the common soldering iron which is especially 
suitable for small parts and light-gage metal. ^ Heat is supplied by 
the iron, and solder is. fed to the joint in the form of wire. Cleaning 
of the joint surface is equally as important in soldering as in brazing, 
and a flux is necessary. Electric connections, wire terminals, and 
similar small parts are typical of the joints made by soft soldering. 
A form of soldering known as wiping is used in making connections 
of lead pipe. * 


REVIEW QUESTIONS 


1. Distinguish between soldering, brazing, and braze welding. 

2. What effect does carbon content in steel have on weldability? 

3. What four stages are involved in the process of spot welding? 

4. Give the various zones of heat generation in a ^resistance weld. 
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i, DcKiibe indirect wdding u applied to qwt wdAing. 

4 . Distinguish between lap seam, mash seam, and finish seam wdding. 

7. What are the variables hi leam welding that control the heat? 
t. What advantages are claimed for projecticm welding 
f. How does ordinary butt welding differ'from flash welding? 

10. For what type of work is percussion welding used? 

11. How is oxygen made and stored? Acetylene? 

12. Give approximate temperatures obtained by oxyacetyiene welding, oxy> 
hydrogen wel^ng. arc welding. Thermit welding, and atomic hydrogen welding. 

1i. List the advantages and limitations of oxyacetyiene wdding. 

14. Describe two methods of pressure gas welding. 

15. How does the oxyacetyiene rutting torch operate? 

IS. What is meant by straight polarity? 

17. Compare a-c and d-c arc welding machines, giving the advantages of eaieb. 
10. What are the methods used in controlling the arc length in automatic 
welding? 

It. What is the purpose of a coating on an arc welding electrode? 

20. What advantages are obtained by the use of contact electrodes? 

21. Under what conditions would you recommend the use of the atomic- 
hydrogen process? 

22. Describe the methods used for inert-gas shielded arc wdding. 

23. What is Thermit metal, and how is it used? 

24. What metals respond to cold welding? 
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CHAPTER 


ELECTROFORMING 

AND 

COATING PROCESSES 


EI•ctrafo^llillg 

Electroforming is one of' the primary processes of forming metals, 
in which parts are produced by electrolytic deposition of metal upon 
a conductive removable mold or matrix. The mold establishes the 
size and surface smoothness of the finished product. Metal is sup¬ 
plied to the conductive mold from an electrolytic solution in which 
a bar of pure metal acts as an anode for the plating current. The 
process differs from plating in that a solid shell is produced which is 
later separated from the form upon which it was deposited. 

Electroforming is particularly valuable for fabricating thin-walled 
parts requiring a high order of accuracy, internal surface finish, and 
complicated internal forms which are difficult to core or machine. 
It may also be used to advantage in producing a small number of 
parts which would otherwise require expensive tooling. 

Eloefrefermliig process. The first step in production is to 
fabricate a negative image of the part. This is known as a matrix, 
mold, or pattern which may be either permanent or expendable. 
Permanent molds can be used if there is sufficient draft to withdraw 


224 



22S 


KJCntOPORMiNe I 

them without damage to the formed part, for example, in producing 
metal fountain pen caps, trumpet bells, and circular-to-rectangular 
transition*area wave guides. . Such molds are generally machined 
from metal and are economical when many parts are to be made. 

Where it.is impossible to use permanent patterns, expendable ones, 
which are either chemically soluble or have a low melting tempera¬ 
ture, can be used. Soluble metals have the advantage of good inter¬ 
nal finish and close tolerance. Also, they may often be ma(|e cheaply 
by die casting or plastic molding. Principal materials include 
aluminum, zinc alloys, and plastics. Low-melting materials, like wax 
and lead-tin-bismuth alloys, can be molded at low cost but are easily 
scratched and sometimes difficult to remove. Both the fusible and 
the soluble molds have their principal use in complex internal forms 
that would be difficult or impossible to make by other processes. 

Since some of the materials used for forms are nonconducting, 
they must first be coated with a metallic film. This can be done in 
a variety of ways, including brushing, spraying, and chemical reduc¬ 
tion. Wax molds can be coated with graphite. The conductivity of 
the film must not be too low, and good electrical contacts are 
important. 

After the forms are prepared, they can be placed in the electro¬ 
lytic solution and processed. When sufficient time has elapsed to 
build up the required tliickness, the part is removed from the bath, 
rinsed, and stripped from the mold. « 

Moftrioft used. All metals that can be used for plating can also 
be electroformed. Copper, nickel, iron, Silver, zinc, lead, tin, cad¬ 
mium, gold, aluminum, and a few others tall into this category. 
Copj>er, nickel, iron, and silver, used extensively in electroforming, 
contain properties* such as good reproducibility, resistance to corro¬ 
sion, electrical conductivity, good bearing surface, and adequate 
strength which are required in most products. A dendritic structure, 
aligned normally to the conductive form stirface (as shown in 
Figure 1) is common to all electroformed metals. While the physical 
properties depend upon the characteristics of the metal used, they 
are also influenced by the rate of depmsition, plating temperature, 
and other bath variables. Dense structures can be obtained, and for 
some metals the properties changed materially by heat treatment. 

Advaufafg and ffinffaffoiis. Metallurgically, parts made by 
electroforming do not differ materially from parts made by other 
processes. The importance of electroforming as a process is its ability 
to produce complex parts requiring intricate detail, that are almost 
impossible to make by other processes. 




Rf. 1. Creti Mction of eopp*r deposit from aeid lulphoto bath In a sharp ri 9 lit angle 
shows weak plane formed by juncture of columnar crystals growing from sides of the 
angle. Magnifieation X 50. (Courtesy National Bureau of Standards.) 


Some advantages of electroforming are: 

1. Extreme dimensional accuracy can be held on surfaces next to 
the conducting form. Identical parts can be made with practically 
no dimensional variation. 

2. Surface finishes of 8 rms or less can be maintained. 

S. Parts of extreme thinness can be made. 

4. Laminated metals can be produced. 

5. Extreme metal purity can be obtained. 

6. Intricate internal or external surfaces, difficult to form by other 
processes, can be produced. 

7. Surfacing of parts to provide special physical or metallurgical 
properties is possible. 

When compared with most normal processes, electroforming is not 
an economical method of fabrication, except for precision parts 
which are costly to produce by other processes. Limitations of elec* 
troforming are: 

1. Rate of production is normally very slow* 

, 2* Cost is high. 





MCTALUC^COATJNfiS | tt7 

I- 

3. Accuracy of exterior surfaces caimot be controlled. 

4. Process is confined to relatively thin products, seldom exceeding 
% inch: 

5. Limited selection of materials. 

6. Recesses are difficult to form. They should be shallow, and 
diarp internal angles must be avoided. 

Parts presently being produced by this process include radar wave 
guides (see Figure 2), spiral pin cams, heat exchanger tubes, pen 
caps, nmtal bellows, metal screens, clad metals, bearing liners, venturi 
nozzles, instrument bells, and parts made of laminated metals. 
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Mnlallic Coatiagi 

With few exceptions, any marketable product of metal must be 
surface-finished. While the primary purpose of a coating or finish 
may often be to improve the appearance and sales value of the item, 
coatings must be u^ on most metals to give permanent resistance 
to destructive influences due to wear, electrolytic decomposition, and 
contact with the weather or corrosive atmosphere. 

Before metals can be coated it is necessary io prepare the surface 
properly for good adhesion. Parts should be cleaned by various 
methods, depending upon'material, size, surface peculiarities, and the 
kind of coating to be applied. The basic methods used are mechani¬ 
cal, such as blasting or tumbling; chemical processes, such as by 
alkaline, add, or organic agents; and electrolytic deaning. 

In general, the coating process is the application of a finite thick¬ 
ness of some materi al over the metal, or is the traiuformation of the 
surface by chemical or electrical meaiui to an oxide of the origiiuil 
metal. A discussion of some of the important processes follows. 
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M 9 M plaHB§, Electroplating has long served as a means of 
applying decorative and protective coatings to metals. For wear 
and abrasive resistance, the outstanding metal for plating metallic 
surfaces is chromium. Coatings are seldom less than 0.002 inch thick 
and may be considerably more. They are plated not on a soft base 
metal but directly onto the hard parent metal. If plated on a soft 
base metal, like copper or nickel, they would have greater corrosion- 
resisting power, but their resistance to abrasion and deformation 
would be much less. Hence, any measure of hardness or abrasive 
resistance is to some extent a function of the metal on which it is 
plated as well as of the chromium deposit itself. 

The electrolytic process consists in passing an electric current frmn 
an anode to a cathode (the cathode being the object on which the 
metal is deposited) through a suitable chromium-carrying electro¬ 
lytic solution in the presence of a catalyst. The catalyst does not 
enter into the electrochemical decomj^osition. A solution of chromic 
acid with a high degree of saturation is used as the electrolyte. The 
surfaces must be thoroughly polished and cleaned before operations 
start; and, since the rate of depositipn is fairly slow, the work must 
remain in the tanks several hours for heavy plating. 

Chromium has proved satisfactory for wear-resisting parts because 
of its extreme hardness, which exceeds most other commercial metals. 
According to the Brinel^ scale, the hardness gf plated chromium 
ranges from 500 to 900. This wide variation is due not to the metal 
but to methods and equipment used. 

GalvanMug, Galvanizing is a zinc coating used extensively for 
protecting low carbon steel from atmospheric deterioration. It offers 
a low cost coating that has reasonable appearance and good wearing 
properties. An improved appearance, known as the spangle effect, 
can be produced by small additions of tin and aluminum. Zinc baths 
are usually maintained at about 850 F. Rolls, agitators, and metal 
brooms are used to remove the excess zinc from the product. Con¬ 
tinuous and automatic processes are used for sheet and wire coating. 
Zinc coatings may also be applied by spraying molten zinc on steel, 
by sheradizing, which is the tumbling of the product in zinc dust at 
elevated temperatures, and by electroplating. 

Th coof/iif. Tin coatings are often applied to sheet steel to be 
used for food containers, tin can manufacturers using approximately 
90% of the tin produced. Although many tin coatings are now 
applied by electrotinning, a process wherein parts are immersed in 
an electrolyte and a current passed from the electrode to the work,, 
the hot dip method is still used considerably. Tin can be applied 
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easily, without affecting the base metal, by dipping at temperatures 
of approximately 600 F. In most cases, the tin coating is about 
0.0001 Inch thick as compared to only about 0.00003 inch in electro- 
tinned sheets. Pormity is greater in plated tin coatings; and. when 
the container*, are used for food, a lacquer seal is necessary. 

Parkarislaf • Parkerizing is a process for making a thin phos-, 
phate coating on steel to act as a base or primer for enamels and 
paints. In this process the steel is dipped in a heated solution 
(190 F) of manganese dihydrogen phosphate for about 45 minutes. 
Bluing is a process of dipping steel or iron in a 600 F molten bath of 
nitrate of potash (salt peter) for about 1 to 15 minutes. There are 
many salts that can be used to color brass and steel by dipping at 
elevated temperatures, but most of these have limited application 
and differing degrees of permanence. 

AKodMag, Anodizing is an oxidation process developed for 
aluminum. An electrolyte of sulfuric, oxalic, or chromic acid is 
employed with the part to be anodized as the anode. Since the 
coating is produced entirely by oxidation and not by plating, the 
oxide coating is a permanent and integral part of the original base 
material. Although the coatiifg is hard, it is porous, which is an 
advantage from a decorative point of view. The oxide coating 
enables organic coatings and dyes to be successfully applied to the 
surface of aluminum. Modern aluminum glasses and pitchers are 
examples of this process. Magnesium is'anodized in a somewhat 
similar manner. 

Coforlifug. Calorizing is a process dejigned to protect steel from 
oxidation at high temperatures. Aluminum is diffused into the 
metal surface at elevated temperatures, forming a protecting him of 
aluminum oxide which prevents the underlying metal from oxida¬ 
tion. The process is used for treating parts for furnaces, oil refineries, 
driers, and kilns. 

Hard iarfaelag. Hard surfacing is the application to a wearing 
surface of some metal or treatment that renders the surface highly 
resistant to abrasion. Such processes vary in technique. Some apply 
a hard surface coating by fusion welding; in others no material is 
added, and the surface metal is changed by heat treatment or by 
contact with other materials. With the development of the processes, 
many new hard-surfacing materials were discovered. The research 
for these hard materials has been especially keen during recent years, 
owing to the great demand of industry for longer-life products. 

The several properties required of materials subjected to severe 
wearing conditions are hardness, abrasion resistance, and impact 
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resistance. Hardness is easily determined by several known methods, 
and an accurate comparison of metals for this property can be 
obtained readily. Tests for wear or abrasion resistance have not 
been standardized, and it is difficult to obtain comparative results. 
In general, experience has shown that, to obtain proper results, wear 
, testing must simulate the service conditions for each type of hard- 
facing material. The statement that "the wear resistance of a mate¬ 
rial is a function of the method by which it is measured” has been 
confirmed by both practical ex()erience and research. All factors 
considered, hardness is probably the best criterion of wear resistance. 
Ability to withstand wear and abrasion usually increases as the hard¬ 
ness of the metal increases. 

Table 13 is a classification of the various processes used for obtain¬ 
ing a hard surface. Obviously, there is a great difference in the 
hardness that can be obtained from these methods. The classification 
does not include heat-treating methods which produce a hard interior 
surface. 

Where thick coatings of hard materials are required, it is necessary 
to use some form of welding. The hard-facing materials used as 
electrodes or filler rods are classified roughly as “overlay” and 
“diamond-substitute” types. I'he overlay materials include such 
metals as high-carbon steel, ferrous alloys of chromium and man¬ 
ganese, and numerous nonferrous alloys containing principally cobalt, 
manganese, and tungsten^ The hardness of these materials varies 
considerably, ranging from around Rockwell C40 to 70. According 
to the Mohs' scale, the hardness seldom exceeds 8. The "diamond 
substitutes,” materials which are among the hardest available, include 
tungsten, boron, tantalum carbides, and chromium boride. On the 
Mohs’ scale they fall between 8.5 and 9.5. They cannot be applied 
by self-fusion but must be bonded to the parent metal with some 
lower-melting alloy. 

High-carbon welding rod with a carbon content ranging from 0.9 
to 1.1% is the most economical hard-facing material to apply from 
the standpoint of initial cost. Such rods form a tough surface of 
moderate hardness, ranging from Rockwell C30 to 45.. Hardest sur 
faces are obtained by rapid quenching: and, as with all martensitic 
deposits, not much additional hardness can be obtained by cold 
working. Corrosion resistance is poor, but such coatings have a wide 
application where wear resistance is desired. 

Increased hardness and wear resistance can be obtained by alloying 
steel with such elements as nickel, manganese, molybdenum, and 
chromium. The limit of hardness for such coatings is around Rock« 
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TABLE 13. Mvfhodc of Producing Hard Surfacat 

1. Heat treatment 

A. Carburizing—heating in contact 

1. With jolids as charcoal 

2. With liquids as KCN 

3. With gases as CO 

B. Special case-hardening processes 

1. Nitriding—contact with NHs gas 

2. Chapmanizing—contact with liquid containing N and C 

3. Dry C7aniding— contact with gases 

4. Ni-carbing—contact with gases 

C. Induction hardening—electric heating and rapid quenching 

D. Flame hardening-heating with torch and rapid quenching 

11. Metal spraying—applying with air pressure 

A. High-carbon steel 

B. Suinless steel 

C. Other alloys 

III. Metal plating—electrolytic deposit of chromium and other hard elements 

IV. Fusion welding processes 

A. Overlay process-welding with 

1. Ferrous alloys 

(a) High-carbon steel 

(d) Steel alloys 

2. Nonferrous alloys—chiefly of chromium, cobalt, molybdenum, and 

tungsten * 

B. Diamond substitutes 

1. Cemented, cast, or sintered carbidbs of tungsten and other 
elements 

(а) Inserts 

(б) Screen sizes in tubes 

(c) Screen sizes and binder cast into rods 
{d) Screen sizes, loose or with gelatin binder 

(e) "Sweat-on"-paste containing very fine hard particles 

C. Casting or spinning process—chiefly nickel borides 

well C55, and, since many of the alloys result in austenitic deposits, 
their hardness can be increased by cold working. Corrosion resist¬ 
ance of most of these materials is good, as well as their resistance to 
impact, and no heat treatment is required after application. 

In the nonferrous group are included all rods that are made up of 
elements other than iron, but in some cases small percentages of iron 
may be present. The principal elements in this group are tungsten, 
chromium, molybdenum, and cobalt. The average room-temperature 
hardness of this group is about the same as that of the ferrous-alloy 
group. A high percentage of this hardness is retained while the rods 
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are at red heat, which adds greatly to their wear-resisting power. In 
severe abrasive wcKtk considerable heat is developed by friction, whidb 
acts on the minute areas of particles jin contact. The effect of this 
heat is to soften the meul on these areas and cause them to wear 
away. If the metal in contact can retain a hardness at a relatively 
high temperature, it has a much greater resistance to wear than 
metals that do not have this property. In such cases the initial hard- 
ness is not a true criterion of the wear-resisting ability of the metal 

Both the electric-arc and oxyacetylene processes can be used in 
applying this material, the latter being preferred. Better control of 
the deposit is obtained, and there is less dilution of the rod with the 
parent metal. There is also no loss of the expensive rod material by 
volatilization and spattering. Practically any carbon or alloy steel 
can be hard-surfaced with this material, and it is especially a^pted 
for coating surfaces subject to severe abrasion and impact, such as 
valve seats and oil-drilling tools. 

The so-called diamond substitutes constitute the hardest materials 
that are available for hard surfacing. These materials, generally 
spoken of as cemented carbides, include tungsten carbide, tantalum 
carbide, titanium carbide, boron carbide, and chromium boride, or a 
combination of these and other carbides with a suitable cementing 
agent. In tungsten carbide, which is one of the most common of the 
group, the usual analyus by percentage is tungsten 81.4%, cobalt 
12.7%, carbon 5.3%, and iron 0.6%. The cobalt serves as a binder 
and adds to the ductility of die carbide. It may vary in percentage 
from 5 to IS. TantalunI carbide is 87% TaC, with 13% of some 
binder. Usually the binder is either a combination of molybdenum 
and iron or of tungsten carbide and cobalt. Boron carbide contains 
about 78.2% boron and 21% carbon, with a trace of silicon and iron. 
It is usually known by the symbol B4C. Many similar carbide 
materials, the composition of which are not generally known, are 
manufactured under special trade names. 

Carbide material cannot be applied like other hard-surfacing 
materials because of its high ineldng temperature and is therefore 
furnished either in the form of small inserts or in screen sizes. 
Inserts can be apidied by a brazing or sweating-on process or placed 
in melted or puddled metal and then surrounded by metal from a 
steel or hard-surfacing welding rod. Screened sizes of crushed carbide 
particles can be applied conveniently by putting the particles in steel 
tubes. The steel sheath melts like an ordinary welding rod and fuses 
to the metal. The carbide particles do not melt but are distribute 
through the molten meul and are held fast when theeneul cools. 
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Screened sizes can also be applied by mixing the particles with a 
suiuble binder and casting them into rods. These rods can be used 
conveniently like other hard-surfacing welding rods. 

AH these materials have hardnesses approaching that of a diamond, 
and on the Moh's scale they range fixmi 9 to 9.5. This hardness is 
maintained to a large extent at a red heat. Because of their extreme 
hardness and brittleness, diamond substitutes do not have a high 
strength rating and are not suitable where severe shock and impact 
conditions exist. This difficulty is partially eliminated by the 
elements being properly supported with a tough binding material. 
Another characteristic of these surfacing materials is that they do not 
respond to heat treatment or cold working and retain their initial 
hardness under all conditions. They are not suitable for casting, 
although a few hard materials, principally boron alloys vrith an iron 
base, can be processed in this manner. 

M«fal Spraying 

The spraying of molten metal, a comparatively recent develop¬ 
ment, is rapidly becoming an important process in industry. Any 
metal obtainable in wire form can be applied in this manner. The 
wire is fed into the spray gun at a definite rate, melted by an 
oxyacetylene flame, and then blown by compressed air to the surface 
being coated. A cross section of a metal-spraying gun is shown in 
Figure 3. •* 

Because the bond between the sprayed metal and the parent metal 
is entirely mechanical, it is important thit the surface of the metal 
be properly prepared before spraying. The usual method of cleaning 
and preparing the surface is by blasting with sharp silica sand or 
angular steel grit. Cylindrical objects may be prepared by machining 
small grooves on the surface followed by rolling over the tops of these 
grooves with a tool similar to a knurling tool. 

Either of these methods roughens the surface and provides the 
necessary interlocking surfaces or keys to make the plastic metal 
adhere to the surface. The molten metal is blown with considerable 
force against the surface, causing it to flatten out and interlock with 
surface irregularities and the adjacent metal particles. The sprayed 
metal itself provides a suitable surface for successive coatings and 
permits building up a layer of considerable thickness. 

The change in the physical properties of metal applied in this 
manner is an increase in porosity and a corresponding decrease in the 
tensile strength of the material. The reason for this is that the bond 
is mechanical and not fusile, as it is for welding. The compressive 
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strength is high, and there is s<Hne increase in hardness. Suinless* 
steel and high-carbon deposits wiU develop a Scleroscope hardness 
of 70 to 75, which corresponds to a Brinell hardness of 500 to 550. 
The wearing quality of sprayed metal is good, as evidenced by its 
wide use in building up worn shafts and other moving parts. All 




Fig. 3. Crotf Mction at nenU of metal spray aun. (Courtesy Metallisina Enalneerinf 
Company.) 


deposits can be finished satisfactorily by usual machining or grinding 
methods, and the metals retain most of their original properties. 

The success of this prot^ess is due largely to its economy and to the 
rapidity with which the metal can be applied. There is no distortion 
in the parts being surfaced, nor do internal stresses develop. Prac¬ 
tically any metal can be applied to any other commercial metal and 
even to other base surfaces such as wood and glass. 


REVIEW pUESTIONS 


1. Name Mveral prcxiucts which can best be made by electroforming. 

2. What are the limitations of the electroforming process? 

3. What kind of metal structure is obtained by electrolytic deposition? 

4. For what reasons are coatings applied to metals? 

5. What metal coatings are best suited for wear resisUnce? 

4 . How does sheradizing differ from galvanizing? 

7. How are tin cans coated? 

1. What pnxvsses are designed to protect iron or steel from oxidation? 
f. What materials are known as diamond substitutes? 

14. How are hard-surfacing materials such as carbides applied to oil well 
drilling tools and similar instrument^ 

11. How should a surface be prepared for metal spraying? 



lUFetfNCES 


231 


If 

RiHlliNCiS 


Begenan, M. **Hard-Surfadng Processes and Materials,” Mechanical Enffneer- 
ing, Vol. 60^ December 1938. 

Bola, R. W.. Produciion Processes, Voi. 1, The Penton Publishing Company, 1949. 

Lamb, V. A., and Wm. H. Metiger, Jr., “Electroforming.” The Tool Engineer, 
Vol. 33, No. 2, August' 1954. 

Rice, H. D., "A New Look at Electroformed Parts,” Materials & Methods, Vol, 42, 
No. 3, September 1955. 

Shapiro, C. H., “Oxy-Acetylene Application of Hard Faring to Oil Well Drilling 
Bits," Metdf Progress, Vol. 35, April 1939. 

Tool Enpneers Handbook, The American Society of Fool Engineers, McGraw-Hill 
Book Company. 1949. 

Young, J. F., Materials and Processes, 2d edition, John Wiley and Sons, 1954. 



CHAPTm 



HOT WORKING 
OF METAL 


The mechanical working of metal is the shaping of metal in either 
a cold or a hot state b% some mechanical means. This does not 
include the shaping of n&tals by machining or grinding, in which 
processes metal is actually machined off, nor does it include the cast* 
ing of molten metal into some form by use of molds. In mechanical 
working processes, the metal is shaped by pressure—actually foiging, 
bending, squeezing, drawing, or shearing it to its final shape. In 
these processes the metal may be either cold-or hot-worked. Al¬ 
though normal room temperatures are ordinarily used for cold work¬ 
ing of steel, temperatures up to the recrystallization range are some¬ 
times used. Hot working of metals takes place above the recrystalli¬ 
zation or work-hardening rang^. For steel, recrystallization starts 
around 950 to 1500 F, although most hot work on steel is done at 
temperatures considerably above this range. There is no tendency 
for hardening by mechanical work until the lower limit of the re¬ 
crystalline range is reached. Some metals, such as lead and tin, have 
a low recrystalline range and can be hot-worked at room tempera¬ 
ture, but most commercial metals require some heating. Alloy 
composition has a great influence upon the proper working range, 
the usual result being to raise the recrystalline range temperature- 
This range may also be increased by prior cold working. 
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Durii^ all hot<working operatums the metal is in a plaitic state 
and is readily formed by pressure. In addition hot working has die 
following advantages: 

1. Porosity in the metal is lazgely eliminated. Most ingots when 
cast contain many small blow holes. These are pressed together 
and eliminated by the high working pressure used. 

2. Impurities in the form of inclusions are broken up and dis* 
tributed through the metal. 

3. Ckiarse or columnar grains are refined. Since this work is in the 
recrystalline range, it should be carried on until the low limit is 
reached in order to provide a fine grain structure. 

4. Physical properties are generally improved, owing principally 
to the grain refinement. Ductility and resistance to impact are im¬ 
proved, strength is increased, and greater homogeneity ‘ is developed 
in the metal. The greatest strength of rolled steel exists in the 
direction of meul flow. 

All hot-working processes present a few disadvantages which can¬ 
not be ignored. Because of the high temperature of the metal there 
is a rapid oxidation or scaling of the surface with accompanying poor 
surface finish. Tooling and handling costs are high, and close 
tolerances cannot be maintained. Hot working, however, is a rapid, 
economical process that is used on nearly.all commercial metals. 

The principal methods of hot-working*metals are: 

1. Rolling ' 

2. Forging 

(u) Hammer or smith forging 

(b) Drop forging 

(c) Upset forging 

(d) Press forging 

(e) Roll forging 

(0 Swaging 

3. Pipe welding 

(a) Butt welding of heated strips 

(b) Butt welding by electrical resistance 

(c) Lap welding 

(d) Hammer welding 

4. Piercing 

5. Drawing or cupping 

6. Spinning 

7. Intruding 
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HoHvoriihg Froe«ss*s 

Ingot tooting. Before metals can be mechanically worked* they 
must first be cast into ingot molds ot suitable form, as shown in 
Figure 1. The mold may be rectangular, square, or round in cross 



Rg. I. StMl bting poured into molds to make ingots for subsequent rolling. (Courtesy 
Bethlehem Steel Company.) 


section, the final casting varying in size from a few hundred pounds 
to several tons. The kind of metal cast and the product desired are 
the factors which determine the ingot size. Both rectangular and 
square section ingots have rounded comers, and the sides are cor¬ 
rugated. Rounding the corners reduces the tendency for columnar 
grains to meet and form a plane of weakness. Cooling is accelerated 
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by ocnrugating the sides, a process which reduces the si« of the 
ccdumnar grains being fonned. 

The two types ingot molds, shown in Figure 2, are used for top 
pouring. The big-end-down'type shown at A is easy to strip from 
the ingot, but the loss in metal is high due to the shrinkage cavity 
(pipe) which is formed dur¬ 
ing the cooling operation. 

This loss is lower when the 
big-end-up type shown at B 
is used, When an ingot is 
poured, the solidification is 
progressive, starting at the 
mold surface and progress¬ 
ing towards the center. 

During this period there is 
considerable shrinkage of 
the metal. As layer after Big-End-Down B. Big-End-Up 

layer solidifies, the volume Pig, 2. Typ«i of ingot molds, 

of metal decreases, resulting 

in the formation of a pipe when solidification is complete. The rate 
of cooling is an important factor in the production of a sound ingot. 

Ingots made in big-end-up molds have a large volume oi hot metal 
available at the top of the mold during the cooling operation and 
when solidified show little loss of metal* due to shrinkage cavities. 
Losses from pipe formation in ingots can be reduced by either add¬ 
ing metal during cooling or by using reilactory risers. Metal in the 
riser remains molten until the ingot has solidified, and during the 
solidification period supplies the ingot with needed metal to com¬ 
pensate for shrinkage. 

Several types of ingot structures are obtained by controlling of 
eliminating gas evolution in the metal during solidification. Killed 
steel has been deoxidized, and it evolves no gas during solidification. 
Such ingots have a minimum of segregation and are of good struc¬ 
ture, but the loss due to pipe formation is high. The other extreme 
in ingot structure is knbwn as rimmed steel, which is characterized 
by a semiboiling action in the ingot after it has been poured, due 
to rapid evolution of carbon monoxide gas during the solidification 
period. This causes the formation of a honeycomb structure which, 
if controlled, compensates for most shrinkage loss. These small blow 
holes do not constitute a defect, provided that they have not had 
contact with the outside atmosphere and are closed by pressure 
welding in the hot-working processes. Rimmed steel ingots have a 
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good suristce and there is little or no opportunity for pipes to ftnrm. 
Semikilled and other ingot structures are obtained by controlling 

the formation of gas during solidiji- 
cation. 

A longitudinal and a cross section 
of a medium-carbon killed-steel ingot 
are shown in Figure 3. The coarse 
dendritic crystalline structure, dearly 
indicated in the cross section, sub¬ 
sequently will be eliminated by the 
effect of hot working. The impuri¬ 
ties in ingots tend to segregate in the 
shrink head during the process of 
solidification. Cutting off the end 
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Lenfitudinal faction of 
ctool ingot. 



Crou taction of modium-carbon 
hiilad-ftaal ingot showing crystailino 
structHra. (Courtaty Drop Forging 
Asioeiation.) 


Fig. 3. 


of the ingot, either before the rolling starts or after, largely eliminates 
this defect. 

Rolling. The steel remains in ingot molds until the solidification 
is about complete, at which time the molds are removed. While still 
hot, the ingots are placed in gas-fired furnaces called soaking pits, 
where they remain until they have attained a uniform working tem¬ 
perature (around 2200 F) throughout. They are then taken to the 
rolling mill. Because of the laige variety of finished shapes to be 
made, ingots are first rolled into such intermediate shapes as Uooms, 
billets, or slabs. A bloom has a square cross section with a minimum 
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nze o£ 6 by 6 inches. A billet , h analler than a bloom ai^ may 
have any square section from indies up to the size of a blocan. 
Most primary rolling is done in either a two-hig^ reversing mill or 
a three-high continuous rotating mill. In the two-high reversing 
mill (A in Figure 4), the piece passes through the rolls* which are 
then stopped and reversed in direction* and the operation is repeated. 
At frequent intervals the metal is turned 90 degrees on its side 



A. Two-High Mill- 
Continuous or 
Reverting. 


B. Four-High Mill 
with boching-up 
Rolls for wide 
Sheets. 


C. Three-High Mill 
for Bock-ond- 
Porth Rolling. 


D. Cluster Mill 
using four 
Backing-up 
Rolls. 


Rg. 4. Variout rail arrangamwih inwd in railing milii. 


to keep the section uniform and to refine the metal throughout. 
About thirty passes are required to reduce a large ingot into a bloom. 
Grooves are provided on both the upper and the lower rolls to 
accommodate the various reductions in*'cross-sectional area. The 
two-high rolling mill is quite versatile* since it has a wide range of 
adjustment as to size of pieces and rate* of reduction. It is limited 
by the length that can be rolled and by the inertia forces which must 
be overcome each time a reversal is made. These are eliminated in 
the three-high mill (C in Figure 4) * but an elevating mechanism is 
required. Although there is some difficulty due to lack of correct 
sp^ for all passes* the three-high mill is less expensive to make 
and has a higher output than the reversing mill. 

Billets could be rolled to size in a large mill used for blooms, but 
this is not usually done for economic reasons. Frequently they are 
roiled from blooms in a continuous billet mill consisting of about 
eight rolling stands in a straight line. The steel makes but one pass 
through the mill and emerges with a final billet size, approximately 
2 by 2 indies* which is the raw material for many final shapes such as 
bars* tubes* and forgings. Figure 5 illustrates the number of passes 
and the sequence in redudng the cross section of a 4 by 4 inch billet 
to round bar stock. 

Stubs may be rolled from either an ingot a bloom. They have 



242 


HCfr WCMXlMG MEtAt 




^ 19 10 

=i^= -O* -O* 

p{g. S. DUfram illuttr«tM number of pastes and sequence in reducing the ereu 
section of a 4*by-4>inck billet to round bar stock. (Courtesy Carnegie>lllineis Steel 
Corporation.) 


a rectangular cross-sectional area with a minimum width of 10 inches 
and a minimum thickness of I ^ inch. From slabs are rolled plates, 
skelp, and thin strips. , 

Various arrangements of*rolls used in rolling mills are shown in 
Figure 4. Those that have four or more rolls use the extra ones for 
backing up the two that ai^ doing the rolling. In addition, many 
special rolling mills take intermediary rolled products and fabricate 
them into such finished articles as rails, structural shapes, plates, and 
bars. Such mills usually bear the name of the product being rolled 
and in appearance are similar to mills used for rolling blooms and 
billets. 

As previously stated, one effect of hot-working is the grain refine¬ 
ment brought about by recrystallization. This is shown diagram- 
matically in Figure 6. The coarse structure is definitely broken up 
and elongated by the rolling action. Because of the high tempera¬ 
ture, recrystallization staru in immediately and small grains start 
to form. These grains grow rapidly until recrystallization is com¬ 
plete. growth continuing at high temperatures, if further work is 
not carried on, until the low temperature of the recrystalline range 
is reached. 

The arcs AB and A^B' are the contact arcs on the rolls. The 
wedging action on the work is overcome by the frictional forces which 
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act OR these arcs and draw the metal through the rolls. Tlie metal 
emerges from the rolls traveling at a higher speed than it enters. At 
a point midway between 'and B the metal speed is the same as 
the roll peripheral speed. Most deformation takes place in thick¬ 
ness although there is some increase in width. Temperature uni¬ 
formity is important in all rolling operations since it controls metal 
flow and plasticity. 


‘Original 

Coorse 

Grain 

Structure 


Elangoted 

Grain 



Recrystoliization 
Taking Ploce 


Fig. 6. Eff«et of hot rolling upon groin strueturo. 


ffomiRor or smith forging. This type of forging consists of 
hammering the heated metal either with hand tools, or between flat 
dies in a steam hammer. Hand forging, done by the blacksmith, 
is the oldest form of forging. It is largely used for repair or main¬ 
tenance work and in the production of miall parts such as hooks, 
crowbars, chisels, cutting tools, U bolts, and similar articles, where 
only small quantities are involved. The nature of the process is such 
that close accuracy is not obtained, nor can complicated shapes be 
made. Forgings ranging from a few pounds to over 200,000 pounds 
are made by smith forging. 

Forging hammers are made in the single or open frame type for 
light work, while the double housing ty|)e is made for heavier service. 
A typical steam hammer is shown in Figure 7. The force of the blow 
is closely controlled by the*operator, and considerable skill is required 
in the use of this machine. 

Drop forging. Drop forging differs from smith forging in that 
closed-impression rather than open-face dies are used. The forging 
is produced by impact or pressure which compels the plastic metal 
to conform to the shape of the dies. In this op>eration there is drastic 
flow of the metal in the dies caused by the repeated blows on the 
metal. To insure proper flow of the metal during the inteimittent 
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bhws, the opention is divided into a number of steps. Eftdi step 
changes the form in a gradual fashion, controlling the flow of the 
metal until the final shape is obtained. The number of steps re- 



Rf. 7. OpaMmiw slMffl Iwinnwr. (CourtMy CbambMtburg EnsInMring Companif.) 


quired varies according to the size and shape of the part, the foigii^ 
qualities of the metal, and the tolerances required. For products 
of large w complicated shapes a preliminary shaping operation, 
using more than one set of ^es, may be required. 








NOT^WOliKIHe PROCESI^ES 


248 




lu HCft WOMCiNG Of MSTAL 

The forging will have a thin projection of excess metal extending 
around it at the parting line. This excess metal is provided to in¬ 
sure complete filling of the dies and 4 removed in a separate trim¬ 
ming press immediately after the forging operation. Small foigings 
may be trimmed cold, though care must be taken in the trimming 
operation not to distort the part. The forging is usually held uni¬ 
formly by the die in the ram and pushed through the trimming 
edges. Punching operations may also be done while trimming is 
uking place. 

Steps in the forging of a connecting rod are illustrated in Figure 8. 
The first step in the manufacture of this part is to shear off bar stock 
to proper length and bring it up to forging temperature In a furnace 
adjacent to the forge. The dies used in this operation, shown at A, 
contain impressions for several operations. Preliminary hot-working 
first proportions the metal for forming the connecting rod; then the 
fillering operation, illustrated at B, reduces the cross-sectional area of 
the center while the edging gathers metal for the two ends of the rod. 
The blocking operation, which forms the rod into a definite shape, 
is shown at C. 

I'he appearance of the connecting rod after several blows in the 
finishing die is shown at D. Flash around the edges of the finished 
forging is removed in a separate press by trimmer dies immediately 
after the finishing operation is completed. The completed connect¬ 
ing rod, ready for heat tivatment, is shown at E. At F is a macro- 
etched cross .section of a connecting-rod forging, showing the flow 
lines of the metal and the liber structure obtained by the hammering 
action. 

The two principal types of drop-forging hammers are the steam 
hammer and the gravity drop or board hammer. In the former the 
ram and hammer are lifted by steam, and the force of the blow is 
controlled by throttling the steam. These hammers, which work 
rapidly, obtain over 300 blows a minute. The capacities of steam 
hammers range from 500 to 50,000 pounds. They are usually of 
double-housing design, with an overhead steam cylinder assembly 
providing the power fur actuating the ram. For a given weight 
ram, a steam hammer will develop twice the energy at the die as can 
be obtained from a board or gravity drop hammer. 

In the gravity-type hammer the impact pressure is developed by 
the force of the falling ram and die as it strikes upon the lower fixed 
die. The gravity drop hammer, shown in Figure 9, is one type which 
has several hardwood boards attached to the hammer for lifting pur¬ 
poses. After the hammer has fallen, rollers engage the boards and lift 
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the hammer a desired amount (ranging up to 5 feet). When the 
stroke is reached, the rollers spread, and the boards are held by dogs 
until they are released by the operator. The force of the blow is 
entirely dependent upon the weight of the hammer which seldom 
exceeds 8000 pounds. 

A modification of the board hammer is a design employing a single- 
acting compressed air or steam cylinder to lift the weight. This 
design eliminates frequent board replacement, has a quicker lifting 
speed, is less expensive, and requires less physical effort to operate. 
One feature of this hammer is that the stroke can be varied readily 



Ftg. 10. HprhenUt forging maehino with opposing impoltors. (Courfoiy Chombon* 
burg Enginooring Company.) t 


to suit forging conditions. Hammers of this type are procurable from 
a ram weight of 500 pounds up to and including a 10,000-pound ram 
weight size. Both the board and air hammers find extensive use in 
industry for such articles as hand tools, scissors, cutlery, implement 
parts, and airplane parts. 

A recent development in forging equipment is known as the tm- 
pacter forging hammer. This machine, shown in Figure 10, has two 
opposing cylinders in a horizontal plane which actuate the impellers 
and dies toward each other. Stock is positioned in the impact plane 
in which the dies collide. Its deformation absorbs the energy, and 
there is no shock or vibration in the machine. With this process the 
stock is worked equally on both sieves, there is less time of contact 
between stock and die, less energy is required than with other forging 
processes, and the work is held meclianically. 

Upon completion, all forgings are covered with scale and must 
be given a cleaning operation. This can be done by pickling in 
acid, shot peening, or tumbling, depending on the size and composi¬ 
tion of the forgings. If some distortion has occurred in foiging, a,.. 
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sizing or straightening operation may be required. Ck>ntroned cool* 
ing is usually provided for large forgings; and if certain physical 
properties are necessary, provision is made for subsequent heat 
treatment. 

Forging imparts fine crystalline structure to the metal, closes all 
voids, forms the metal to shape, and improves the physical properties 
of the metal. Defects which may occur with this process include mis¬ 
alignment of the dies, scale inclusions on the surface, and cracks in 
the foiging caused by the metal folding over during the operation. 
These defects can be controlled. Forging is adapted to both carbon 
and alloy steels, wrought iron, copper-base alloys, aluminum alloys, 
and magnesium alloys. 

Frost forging. Press forging employs a slow squeezing action 
in deforming the plastic metal, as contrasted with the rapid-impact 
blows of a hammer. The squeezing action is carried completely to 
the center of the part being pressed, thoroughly working the entire 
section. These presses are the vertical type and may be either 
mechanically or hydraulically operated. The mechanical presses, 
which are faster operating and most commonly used, range in 
capacity from 500 to 10,000 tons. 

For small press forgings closed impression dies are used, and only 
one stroke of the ram is normally required to perform the forging 
operation. The maximum pressure is built up at the end of the 
stroke which forces the metal into shap^ Dies may be mounted as 
separate units, or all the cavities may be put into a single block. For 
small forgings individual die units are^lmore convenient. There is 
some difference in the design of dies for different metals; copper- 
alloy forgings can be made with less draft than steel, consequently 
more complicated shapes can be produced. These alloys flow well in 
the die and are readily extruded. 

In the forging press a greater proportion of the total work put into 
the machine is transmitted to the metal than in a drop hammer press. 
Much of the impact of the drop hammer is absorbed by the machine 
and foundation. Press reduction of the metal is faster, and the cost 
of operation is consequently lower. Most press forgings are sym¬ 
metrical in shape, having surfaces which are quite smooth, and pro¬ 
vide a closer tolerance than is obtained by a drop hammer. However, 
many parts of irregular and complicated shapes can be forged more 
economically by drop forging. Forging presses are often used for 
sizing operations on parts made by other forging processes. 

UpsRf forging. Upset forging enuils gripping a bar of uniform 
section in dies and applying pressure on the heated end,’ causing it 
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to be upset or formed to shape. A latge machine of this type it 
shown in Figure 11. Here rea^axle drive shafts with flanged ends 
are being forged from round stock. The heated bar of stock is placed 



Rg. M. Rv«.ineh uput forging mochino in oporotieo—forging flongod roor^o 
*drlvo shoftt. (Courtoiy Tho Aiai Montifaeturfng Company.) 


between a fixed and a movable die which grip the bar firmly when 
closed. A portion of the bar projects beyond the die for the upset* 
ting operation by the lieader rams. The cavity impression on the 
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end of the ram squeezes the plastic metal until it conforms to the 
die cavity. For some products the heading operation may be com¬ 
pleted in one positionp though in most cases the woik is progres¬ 
sively placed into different positions in the die. The impressions 
may be in the punch, in the gripping die, or in both. In most in¬ 
stances the forgings do not require a trimming operation. Machines 



Section of Cylinder Forging 


Rg. 12. S«qu«nc« of eporotlem for o cyilndor forging u<od on upiot forging maekino. 
(Coorfoty Tko Ajoi Monufoeturing Company.) 


of this type are an outgrowth of smaller machines designed for cold 
heading nails and small bolts. 

Progressive piercing, or internal displacement, is the method fre¬ 
quently employed on upset forging machines for producing parts 
such as artillery shells and radial engine cylinder forgings. The 
sequence of operations for a cylinder forging is shown in Figure 12. 
Round blanks of a predetermined length for a single cylinder are 
first heated to forging temperature. To facilitate handling the blank, 
a porter bar is pressed into one end. The blank is upset and is 
progressively pierced to a heavy bottom cup. In the last operation a 
tapered-nosed punch expands and stretches the metal into the end of 
the die, frees the porter bar, and punches out the end slug. Large 
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cylinder barrels weighing over 100 pounds can be forged in this man* 
ner. Parts produced by this process range from small to large 
products weighing several hundred pounds. The dies, not limited 
to upsetting, may also be used for piercing, punching, trimming, 
or extrusion. 



Rg. 13. Forging rolls producing ^utomoMlo roor-axlo drive shafts. (Courtocy Tha 
Ajax Manufacturing Company.) 

Roll forging. Roll forging machines are primarily adapted to 
reducing and tapering operations on short lengths of bar stock. The 
rolls on this machine, shown in Figure 13, are not completely circular 
but have from 50 to 75% cut away to peiuiii the siotk to enter be¬ 
tween the rolls. The circular portion of the rolls is grooved accord* 
ing to the shaping to be done. When the rolls are in open position 
the operator places the heated bar between them, retaining it with 
tongs. As the rolls rotate, the bar is gripped by the roll grooves and 
pushed toward the operator. When the rolls open, the bar is pushed 
back and rolled again, or is placed in the next groove for subsequent 
forming work. By rotating the bar 90 degrees after each roll pass, 
there is no opportunity for flash to form. 

Roll forging is used on a wide variety of parts, including axles, 
blanks for airplanes propellers, crowbars, knife blades, chisels, ta* 
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pered tubing, and ends of leaf springs. Parts made in this fashion 
have a smooth finished surface and tolerances equal to other forging 
processes. The metal is hot- 
worked thoroughly and has 
good physical properties. Be¬ 
cause of the high cost of the 
rolls a large volume of pro¬ 
duction is necessary to amor¬ 
tize tooling expense. 

In the rolling of wheels, 
metal tires, and similar items 
a roll mill of somewhat differ¬ 
ent construction is used. Fig¬ 
ure 14 shows how a rough 
forged blank is converted into 
a finished wheel by the action 
of the various rolls about the 
circumference of the wheel. 

As the wheel rotates, the diameter is gradually increased while the 
plate and rim are reduced in section. When the wheel is rolled to 
its final diameter, it is then transferred to a press and given a dishing 
and sizing o|>eration. 

Pip« ond Tub« Manufocturo 

Baft wtdding. Pipe and tubular products may be made by either 
welding or piercing, the latter being a seamless process. In the butt 
welding processes both iiuennittent and continuous methods are 


Htoted Skelp -7 



Rg. iS. Producing buH-wdidod pipe by drawing tkolp through a welding boil. 

used. Heated strips of steel, known as skeip, which have the edges 
beveled slightly are used so that they will meet accurately when 
formed to a circular shape. In the intermittent process, one end of 
the skeip is trimmed to a V shape to permit it to enter the welding 
bell, as shown in Figure 15. When the skeip is brought up to weld¬ 
ing heat, the end is gripped by tongs which engage a draw chain. As 



Fig. 14. Mill setup for hot-rolling whools. 
(Courtasy Edgawator Stool Company.) 
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the tube is pulled through the welding bell, skelp is formed to a 
circular shape, and the edges are welded together. A &nal opera¬ 
tion passes the pipe between sizing and finishing rolls to give it 
correct size and to remove scale. Co'ntinuous butt welding of pipe 
is accomplished by supplying the skelp in coils and providing means 
for flash-welding the coil ends to form a continuous strip. As the 



Fig. 16. Shtip •msrgmg from furnae* at right it fermad into eentinueui butt-waid 
pipa. {Ceurtaty Bathlaham Staa! Company.) 


skelp enters the furnace,*>fiames impinge on the edges of the strip 
to bring them to welding temperatures. Leaving the furnace, the 
dielp enters a series of hdrizontal and vertical rollers as shown in 
Figure 16, which form it into pipe. An enlarged view of the rollers, 
showing how the pipe is formed and sized, is shown in Figure 17. 
As the pipe leaves the rollers, it is sawed into lengths which are 
finally processed by descaling and finishing operations. Pipe is made 
by this method in sizes up to 3 inches in diameter. 

Cl9cfrlc buff welding. Electric butt welding of pipe necessitates 
cold forming of the steel plate to shape prior to the welding opera¬ 
tion. The circular form is developed by passing the plate through 
a continuous set of rolls which progressively change its shape, a 
method known as roll forming. The welding unit, placed at the end 
of the roll-forming machine, consists of three centering and pressure 
rolls which hold the formed shape in position and two electrode 
rolls which supply current to generate the heat. Immediately after 
the pipe passes the welding unit, shown in Figure 18, the extruded 
flash metal is removed from both inside and outside the pipe. Sizing 
and finishing rolls then complete the operation by giving the pipe 
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accurate size and concentricity. This process is adapted to the manu- 
Eacture of pipe up to l€>inch diameter, with wall thicknesses varying 



Rq. 17. Sli*lp bvina fermad into eentinuein butt-wald pip*. 



from % tjo % inch. Pipes of larger diameter are usually fabricated 
by submeig^-arc welding after being formed to shape in large, spe* 
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dally constructed presses. Some large pipe is fabricated by hammer 
welding, whidi is essentially a forge*weldmg process. 

Lap waldlag. In the lap welding of pipe, the edges of the skelp 
are bin^eled as it emerges from the furnace. The skelp is then drawn 

through a forming die, or be* 
tween rolls, to give it cylin¬ 
drical shape with the edges 
overlapping. After being 
reheated, the bent skelp is 
passed between two grooved 
rolls as shown in Figure 19. 
Between the rolls is a fixed 
mandrel of a size to fit the 
inside diameter of the pipe, 
the edges beii^ lap-weldol 
by pressure between the rolls 
and the mandrel. Lap weld is mades in sizes ranging from 2 to 16 
inches in diameter. 

^hrclag. To produce seamless tubing, cylindrical billets of steel 
are passed between two conical-shaped rolls operating in the same 
direction. Between these rolls is a fixed point or mandrel which 
assists in the piercing and controls the size of the hole as the billet 
is forced over it. 



Rg. 19. Method of producing lap-woldod pipe 
from bant tkalp. 
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Rg. 20. Principal stops In tha manufaefura of saamlass tubing. (Courtasy Nationai 
Tuba Company.) 

The entire operation of making seamless tubing in this conven¬ 
tional process is shown in Figure 20. The solid billet is first center- 
punched and then brought to forging heat in a furnace before being 
pierced. It is then pushed into the two piercing rolls which impart 
both rotation and axial advance. The alternate squeezing and bulg¬ 
ing of the billet open up a seam in its center, the size and shape of 
which are controlled by the piercing mandrel. As the thick-walled 
tube emerges from the piercing mill, it passes between grooved rolls 
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over a pliig held by a mandrel and is 
converted into a longer tube with speci¬ 
fied wall thickness. While still at work¬ 
ing temperatures, the tube passes through 
the reeling machine which further 
straightens and sizes it and, in addition, 
gives the walls a smooth surface. Final 
sizing and finishing are accomplished in 
the same manner as with welded pipe. 



Rotary Rotting Mill 

Fig. 21. Rotary soamteis proeais 
for targo tubing. (Courtny Na- 
tionat Tuba Division, U.S. Steal 
Corp.) 

J 

This procedure applies to seamless 
tubes up to 6 inches in diameter. Larger * 
tubes up to 14 inches in diameter are 
given a second operation on piercing 
rolls. To produce sizes up to 24 inches 
in diameter, reheated, double-pierced 
tubes are processed on a rotary rolling 
mill as shown in Figure 21 and are 
finally completed by reelers and sizing 
rolls, as described in the single-piercing 
process. 

In the continuous method, shown in 
Figure 22, a 5^ inch round bar is 
pierced and conveyed to the nine-stand 
mandrel mill where a cylindrical bar or 
mandrel is inserted. These rolls reduce 
the tube diameter and wall thickness. 
The mandrel is then removed, and the 



Piercing Roll Mandrel Mill Stretch Reducing Mill 

Rg. 22. Frincipui >t«p$ in ibn munufneiura of continuous soomloss tubing. (Courtosy Notional Tuba Division, U.S. Stool Corp.) 
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tube reheated before it enters the twelve^tand stretch reducing mill. 
This mill reduces not only the wall thickness of the hot tube but also 
the tube diameter. Each successive roll is speeded up so as to pro¬ 
duce a tension sufficient to stretch the tube between stands. The 
maximum delivery of this mill is ISOO fpm for pipe around 2 inches 
in diameter. 



Fig. 23. Drawing 4liiek*w«ll«d q^indwv from hootod piotas. (Cewrfoty Nafionat Tuba 
Division, U.S. Stool Cerp.) 

Oftiwlaf or Clipping. Some thick-walled tubes or cylinden are 
produced by drawing circular heated plates through a die, as illus¬ 
trated diagrammatically in Figure 23. The procedure consists of sev¬ 
eral two-step drawing operations, between which the cup-shaped cyl¬ 
inder must be reheated to provide the necessary plasticity for work¬ 
ing. After about two drawing operations, the formed cup is pushed 
through a horizontal drawbench consisting of several dies, of suc¬ 
cessively decreasing diameter, mounted in one frame. The hydrau¬ 
lically operated punch forces the heated cylinder through the full 
length of the drawbench. For long thin-walled cylinders of tubes, 
repeated heating and drawing may be necessary. If the final product 
is to be a tube, the closed end is cut off and the balance is sent 
through finishing and sizing rolls, similar to those used in the pierc¬ 
ing process. To produce closed-end cylinders, similar to those used 
for stming oxygen, the open end is swaged to form a neck or reduced 
by hot spinning. 
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Hot Spiniiiov 

Hot spinning of metal is used commercially to dish or form heavy 
circular plates to some shape over a rotating form, and to neck down 
or close the ends of tubes. In both cases a form of lathe is used to 
rotate the part rapidly. Shaping is done with a blunt pressure tool 
which contacts the surface of the rotating part and causes the metal 
to flow to some desired form. Once the of>eration is started, con¬ 
siderable frictional heat is generated which aids in maintaining the 
metal at a plastic state. Tube ends may be reduced in diameter, 
formed to some desired contour, or completely closed by the spinning 
action. 

y 

Extrusion 

Any plastic material can be extruded to uniform, cross-sectional 
shape by the aid of pressure. I'lie principle of extrusion, similar to 
the simple act of squirting toothpaste from a tube, has long been 
utilized in processes ranging all the way from the production of brick, 
hollow tile, and soil pipe, to the manufacture of macaroni. Some 
metals, notably lead, tin, and aluminum, may be extruded cold, 
whereas others require the application of heat to render them plastic 
or semisolid before extrusion. In the actual ofieration of extrusion, 
the processes differ slightly, depending on »Tie metal and application, 
but in brief they consist of forcing metal (confined to a pressure 
chamber) out through specially formed dies. Rods, tubes, molding 
trim, structural shapes, brass cartridges, and lea'd-covered cables are 
typical products of metal extrusion. 

Most presses used in conventional extruding of metals are of a 
horizontal type and hydraulically operated. Correct operating 
speeds, depending upon temperature and material, vary from a few 
feet a minute up to 900 fpm. Several variations of this process are 
injxtmmon use. 

Direct •xfrssfpii* Direct extrusion is illustrated diagrammatically 
in Figure 24. A heated, tound billet is placed into the die chamber 
and the dummy block and ram placed into position. The metal is 
extruded through the die opening until only a small amount remains. 
I^s then sawed off next to the die and the butt end removed. 

ladlrpcf PXfriiifPA. Indirect extrusion, also shown in Figure 24, 
is similar to direct extrusion except that the extruded part is forced 
through the ram stem. Less force is required by this method since 
there is no frictional force between the billet and the container 
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wall. The weakening, of the ram when it is made hollow and the 
impossibility of providing adequate support for the extruded part 
constitute limitations of this process. 



DIRECT INDIRECT 

Fie. 24. Diagrammatic tkateh illustrating diraet and indirect mtrusien. 

fafraclotf sfcoofliliig. The coating of wire cable with lead sheath¬ 
ing. as illustrated in Figure 25, is an example of hot extrusion. 
Molten lead is poured into the cylinder above the die and allowed 
to solidify under slight pressure of the cylinder plun^r. When 
the correct extruding temperature is reached (around 500 F), the 



Rg. 25. Method of aatniding load sheathing on wire cable. 

plunger, actuated by hydraulic means, forces the lead in two streams 
around the cable which weld together underneath. The lead is 
forced through the die, forming a uniform lead coating which grips 
the cable sufficiently to draw it through the die block. At the end 
of the stroke the plunger rises, more lead is added, and the cycle is 
repeated. 

Im/MCf •xfniiloa. An interesting example of extrusion by im¬ 
pact is in the manufacture of collapsible tubes for shaving cream, 
toothpaste, and paint pigmenu. These extremely thin tubes am 











Extruded 

Fig. 26. Method* of eold-impoet oxtrusien of soft motolt. 


any desired shape can be made by properly forming the die cavity 
and the end of the punch. On the upstroke, the tube is blown from 
the ram with compressed air. The entire operation is automatic, 
with a production rate ot 35 to 40 tubes per minute. The tubes are 
then inspected, trimmed, enameled, and printed. Zinc, lead, tin, and 
aluminum alloys are worked in this fashion. 

In the lower half of the figure is illustrated a variation of what 
is known as the Hooker process for eictruding small tubes or cartridge 
cases.* Small slugs or blanks are used as in the impact-extrusion 
process, but in this case the metal is extruded downward through 
the die opening. The size and shape of the extruded tube are con- 
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trolled by the space between the punch end and die cavity wall. 
Copper tubes having wall thicknesses of 0,004 to 0.010 inch can be 
pr<^uced in lengths o£ about 12 inches. Impact extrusion is a 
cold-working process. 

Yvb* •xtrifsioii. The usual method for extruding tubes is shown 
in Figure 27. It is a form of direct extrusion but uses a mandrel 
to shape the inside of the tube. After the billet is placed inside, 
the die containing the mandrel is pushed through the ingot as shown 
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Hg. 27. Eifnidlng « Urge tub* from c 
liMitad 1^11*1. (Courtvsy Hydropm* fnc.) 

in the diagram. The press stem then advances and extrudes’ the 
metal through the die and around the mandrel. The entire opera¬ 
tion must be rapid, and speeds up to 10 feet per second have been 
used in making steel tubes. Low-carbon steel tubes can be extruded 
cold, but for most alloys the billet must be heated to around 2400 F. 


REVIEW QUESTIONS 

..... 

1. Oistiiiguish between hot and cold working of steel. 

2. List the various methods of hot-working metals mechanically. 

I. What are the advantages gained by hot-working steel? 

4. What is the difference between rimmed and killed steel? 

I. How^is the grain structure in steel affected by hot rolling? 

E. What defects are found in ingots, and how are they eliminated? 

7. Describe each of the following shapes used in connection with the rolling of 
sted: ingot, bloom, slab, and billet. 

t. What is the usual temperature range for hot-working steel? 
f. Show by sketch the various roll arrangements used in rolling mills. 

10. Describe the procem of drop forging. 

11. What is a board hammer, and how does it operate? 

12. What advantages does press foiging have over drop Foiging? 

11. Describe the impacter forging hammer. 

14. What products are shaped by toll forging? 

II. List the various method used in producing pipe aifo tubular products, 
li. What type of worit is done by upset forging? 

17. Describe the process of producing lap-wdded pipe. 

11. Describe the continuous method xA making seamless tubing. 
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If. Show by dietch how wire is coated with lead. 

Sf. How are collapsible tubes produced? 

21 . Describe the Hooker process of extrusion. 
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CHArTCK 


COLD WORKING 
OF METAL 


Although many of the op^'ations used in hot working may also be 
applied in cold working, the resulting effect upon the crystalline 
structure and physical pro{A;rties of the metal is different. Hot 
work, performed on the metal in a plastic state, actually refines the 
grain structure, whereas cold work merely distorts it and does little 
towards reducing its size. Thougii temperatures up to the recrystal¬ 
line range may be used, cold work is normally done at room 
temperature. 

Effects pf CoM Working 

To understand the action of cold working one must have some 
knowledge of the structure of metals. All metals are crystalline in 
nature and are made up of irregularly shaped grains of various sizes. 
These may be seen clearly under the microscope if the metal has been 
properly polished and etched. Each grain is made up of atoms in 
an orderly arrangement known as a lattice. I'he orientation of the 
atoms in a given grain is uniform but differs from that in adjacent 
grains. When material is cold-worked the resulting change in mate¬ 
rial shape brings about marked changes in the grain structure. 

264 
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Structural changes which occur are grain fragmentation, movement 
of attnns, and lattice distortion. Slip planes develop through the 
lattice structure at points where the atomic bonds of attraction are 
the weakest, and whole blocks of atoms are displaced. When slip 
tkccurs, the orientation of the atoms is not change!. In cases where 
atoms are reoriented a phenomenon known as twinning occurs. In 
twinning, die lattice on one side of a plane is oriented in a different 
fashion from the other, but the atoms have shape identical to adjacent 
atCHUS. Slip is the more common method of bringing about deforma- 
don in metal. 

Much greater pressures are needed for cold working than for hot 
working. The metal, being in a more rigid state, is not permanently 
deformed until stresses exceeding the elastic limit are passed. Since 
there can be no recrystallization of grains in the cold-working range, 
there is no recovery from grain distortion or fragmentation. As grain 
deformadon proceeds, greater resistance to this action is built up, 
resulting in increased strength and hardness of the metal. This 
method of hardening is known as strain hardening and for some 
metals represents the only method imparting this property. Several 
possible theories have been advanced by metallurgists as to how this 
occurs. In general they all refer to resistance built up in the grains 
by atomic dislocadon, fragmentation, or lattice distortion. It is quite 
possible that strain hardening is due to all three phenomena. 

The amount of cold work that a iiSietal will stand is dependent 
upon its composition, which controls possible ductility; the more duc¬ 
tility a metal possesses, the more it caA be cold-worked. Pure metals 
can withstand a greater amount of deformation than metals having 
an addition of alloying elements which increase the tendency and 
rapidity of strain hardening. 

When metal is deformed by cold work, severe stresses, known as 
residual stresses, are set up inside the metal. These stresses are un¬ 
desirable and to remove them the metal must be reheated below the 
recrystalline range temperature. In this range the stresses are ren¬ 
dered ineffective without appreciable change in physical properties 
or grain structure.* Further heating into the recrystalline range 
eliminates the effect of cold working and restores the metal to its 
original condition. Sometimes it is desirable to have residual stresses 
in the metal. The fatigue life of small parts can be improved by 
shot peening which causes the metal surface to be in compression 
and the layer beneath in tension. 

44fifoafo0M mrf Ifalfvfleas. Many products are cold-finished 
after hot rolling to make them commercially acceptable. Hot-rolled 
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scrips and sheets are soft, have surface imperfections, and lack dimen* 
•ional accuracy and certain desired physical properties. The cold* 
rolling (^ration reduces size slightly permitting accurate dimen¬ 
sional control. No surface oxidation results from the process, a 
smooth surface is obtained, and strength and hardness are increased. 
In general, the same results are obtained from other forms of cold 
work. For metals that do not respond to heat treatment, cold work 
is a possible method used to increase hardness. The process is also 
useful in the forming of many articles by extrusion of ductile mate¬ 
rials. Higher pressures and heavier equipment are needed for cold¬ 
working than for hot-working operations. As a shaping process it is 
limited to ductile materiak. Brittleness results if the metal is over¬ 
worked, and an annealing operation then becomes necessary. 

In general cold working produces the following effects: 

1. Stresses are set up in the metal which remain unless they are 
removed by subsequent heat treatment. 

2. A distortion or fragmentation of the grain structure is created. 

3. Strength and hardness of the metal are increased with a an*- 
, responding loss in ductility. 

4. Recrystalline temperature for steel is increased. 

5. Surface finish is improved. 

6. Close dimensional tolerance can be maintained. 

V 

Cold^Working jProeusMs 

The effects just listed are not fulfilled by all cold-working processes. 
Operations involving bending, drawing, and squeezing metal result 
in grain distortion and changes in physical properties, whereas 
shearing or cutting operations change only form and size. The clas¬ 
sification on p. 267 lists the various cold-working operations of metals, 
including press operations. 

‘'Tabu drawing. Tubing which requires dimensional accuracy, 
smooth surface, and improved physical properties is finished by a 
cold-drawing operation. This method also produces tubes having 
smaller diameters or thinner walls than can be obtained by hot 
rolling. For laige reductions in area several passes are required 
with intermediate annealing. 

Hot-rolled tubing must first be treated by pickling and washing to 
remove all scale and then covered ^th a suitable lubricant. The 
drawing is done in a draw bench, shown diagrammatically in Figure 1. 
One end of the tube is reduced in diameter by a swaging operation to 
permit it to enter the die, and it is then gripped by tongs fastened to 
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Celd-WorUng OpTitio m M tftt «t NMr Room Ttmptnitiir* 


1. Dxaidng 

(a) Bhnki 
(fr) Tubes 
(c) Embossing 
(<0 Wire 

(e) Metal spinning 
(/) Stretch fcmning 


2. Squeezing 

(a) Coining 

(b) C 0 I 4 rolling 

(c) Sizii^ 

(cQ Swaging or cold forging 

(e) Ttu^d rolling and knurling* 

(f) Riveting 

(g) Staking 


S. Bending 

(a) Angle bending 

(b) Roll forming 7. 


(c) Plate bending 
(cQ Curling 
\e) Seaming 

Shearing 

(a) Blanking 

(b) Punching 

(c) Cutting off 

(d) Trimming 

(e) Perforating 
(/) Notching 
(g) Slitting 
(b) Lancing 

(t) Sharing 

Extrudingf 

(a) Cold 

(b) Impaa 

Shot peening 
Hobbing 


*See Chapter 18. 
fSee Chapter 11. 


the chain of the drawbench. In this operation the tube is drawn 
through a die smaller than the outside diameter of the tube, the 
inside surface and diameter being controlled by a fixed mandrel over 
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Rg. i. PreesH of cold-drswing tubing. (Ceurtuy National Tuba Company.) 


which the tube is drawn. This mandrel may be omitted for small 
sizes or for larger sizes if the accuracy of the inside diameter is not 
important. Drawbenches require a pulling power ranging &om 
50,000 to 300,000 pounds and may have a total length of 100 feet. 

The operation of drawing a tube is very severe: the metal is stressed 
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above its elastic limit to permit plastic flow through the die. The 
maximum reduction for one pass is around 40%. This operation 
increases the hardness of the tube so much that, if several reductions 
are desired, the material must be anndaled after each pass. 

Wlr* drawing. Wire is drawn by pulling a rod through several 
dies of decreasing diameter, as illustrated in Figure 2, until the final 
diameter is obtained. Rods from the mill, first cleaned in acid baths 



Fig. 2. Swtien through dio for drowing wiro. 


to remove scale and rust, are coated in various ways to prevent 
oxidation and to facilitate Wing drawn through the die. The dies 
are usually made of carbide materials, although diamonds may be 
used for small diameters. * 

Both single-draft or continuous-drawing processes may be used. 
In the first method a coil is placed on a reel or frame and the end 
of the rod pointed so that it will enter the die. The end is grasped 
by tongs on a drawbench and pulled through to such length as may 
be wound around a drawing block or reel. From there on, the 
rotation of the draw block pulls the wire through the die and forms 
it into a coil. These operations are repeated with smaller dies and 
blocks until the wire is drawn to its final size. 

In continuous drawing, as shown in Figure 3, the wire is fed 
through several dies and draw blocks arranged in series. This per 
mits drawing the maximum amount in one operation before anneal* 
ing is necessary. The number of dies in the series will depend on 
the kind of metal or alloy being processed and may vary from four 
to twelve successive drafts. 

kinfal nplnnlng. Metal spinning is the operation of shaping thin 
metal by pressing it against a form while it is rotating. The nature 
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Rq< 3< Section of eontinuout ¥rfro drawing machine. (Courteiy Bethlehem Steel 
Company.) 


of the process limits it to symmetrical articles of circular cross 
section. This type of work is done on a speed lathe, which is like 
the ordinary wood lathe except that, in p^ce of the usual tailstock. 



Fig. 4. Metai ipinning operation. 

it is provided with some means of holding the work against die 
form as shown in Figure 4. The forms are usually turned from 
hard wood and attached to the face plate of the lathe, although 
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junooth steel chucks ate lecommended for production jobs. TTlis 
type of chuck will not develop interior imperfection and is more 
economical where surface finish is to be considered. 

Practically all parts are formed by the aid of blunt hand tools 
which press the metal against the form. The cross slide has a hand or 
compound tool rest in the front for supporting the hand tools and 
some means for supporting a trimming cutter or forming roll in the 
rear. Parts may lx formed either from flat disks of metal or from 
blanks that have previously been drawn in a press. The latter 
methcxl is used as a finishing operation lor many deep-drawn articles. 
Most spinning work is dune on the outside diameter as shown in the 
figure, although inside work is also possible. 

Bulging work on metal pitchers, vases, and similar parts is done by 
having a small roller, supported from the compound rest, operate on 
the inside and press the metal out against a form roller. In an 
operation such as this one, the part must first be drawn, and possibly 
given a bulging operation beforehand, as spinning cannot be done 
near the bottom. Contact of the spinning tools can take place only 
next to the chuck. 

Lubricants such as soap, beeswax, white lead, and linseed oil are 
used to retluce the tool friction. Of these, ordinary laundry soap 
proves very satisfactory, particularly for aluminum spinning. Since 
metal spinning is a cold-working operation, there is a limit to the 
amount of drawing or wo^iting the metal will stand, and one or more 
annealing operations may be necessary. Spinning lends itself to 
short-run production job^, although it has many applications in 
quantity production work. Simple shapes can be formed from soft 
nonferrous metals up to ^ inch in thickness and from low-carbon 
steel up to inch in thickness. Tolerances up to + ^2 can 
be easily maintained for diameters under 18 inches. This process 
is frequently used in the making of bells on musical instruments 
and also for light fixtures, kitchenware, reflectors, funnels, and 
large processing kettles. ' 

Stretch terming. In the forming of large sheets of thin metal 
involving symmetrical shapes or double-curve bends, a metal stretch 
press can be used effectively. Hydraulically operated, it is of rather 
simple construction as shown in Figure 5. A single die mounted on 
a ram is placed between two slides which grip the metal sheet. The 
die has a movement in a vertical direction, and the slides have a ^ 
horizontal movement. Large forces of 50 to 150 tons are provided 
for the die and slides. The process is a stretching one and causes 
the sheet to be stressed above its elastic limit while conforming to 
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the die shape. This is aoxmipanied by a sli^t thinning of the 
sbeet» and the action is such that there is little spring back to the 
metal once it is formed. 

Adapted to short-run jobs, inexpensive dies of wood, kirksite, 
plastic* or steel can be used. Large double<urvature parts, difficult 



by other methods, are easily made with this process. Scrap loss is 
fairly high since considerable material must be left at the ends and 
sides for trimming, and there is a limitation to the shapes that can 
be formed. ^ 

Swaging or cold forging. These terms refer to methods of cold 
working by a compressive force or impact which causes the metal to 
flow in some predetermined shape according to the design of the dies. 
The metal conforms to the shape of the dies, but it is not restrained 
completely and may flow at some angle in the direction to which 
the force is applied. Sizing, the simplest form of cold forging, is the 
operation of slightly compressing a forging, casting, or steel assembly 
to obtain close tolerance and a flat surface. The metal is confined 
only in a vertical direction. . 

Rotary swaging, as shown in Figure 6, is a means of reducing the 
ends of bars and tubes by rotating dies which open and close rapidly 
on the work, so that the end of the rod is tapered or reduced in size 
by a combination of pressure and impact. Since swaging action is 
rather severe, the metal hardens and an annealing operation is neces¬ 
sary if much reduction is desired. 

The cold heading of bolts, rivets, and other similar parts, done 
on a cold-header machine, is another form of swaging. Since the 
product of the cold header is made from unheated material, the 
equi]Hnent must be able to withstand the high pressures that de- 
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veJop. Also, alignment of the upsetting tool with the dies must 
be accurate so that the work turned out will be free from defects, 
A solid die machine of this type is illustrated in Figure 7. The rod 



Fig. 6. Illustrating tha oparatien of dias in a swaging maehina. 


is fed by straightening rolls up to a stop and is then cut off and 
moved into the header die as shown in Figure 8. The heading 
operation may be either single of double, and upon completion the 
part is ejected from the dies. 



Rg. 7. Solid dia eold-liaadar. (Ceurtosy Ttia National Machinary Company,} 

Bolt-making machines are available which completely finish the 
bolt before it leaves the machine, the operations consisting of cutting 
off an oversize blank, extruding the shank, heading, trimming, point¬ 
ing, and roll threading. All operations are carried on simultaneously, 
and outputs range from 50 to 150 pieces per minute. 
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Nails, rivets, and small bolts are made from coiled wire and foi;ged 
cold, whereas large bolts require the end of the rod to be heated 
before the heading operation. Swaging may also be used to form 
small cams, gears, flanges, and other irregularly shaped parts. 


■ h - -- - —— A. Originol Stock 



B. Preshaping Operotion C. Forming Operation 
Pig. 8. Saqucne* of epsratieni p«rform«d In • eeld*iiMd*r. 


Hobbht. Mold cavities, such as shown in Figure 9, may be pro¬ 
duced by forcing a hardened steel form or hob into soft steel. The 
hob, machined to the exact form of the piece to be molded, is heat- 
treated to obtain the necessary hardness and strength to withstand 


Press ram 



Fig. 9. Die hebbing—producing meld eevitiet by prening hob into toft itoot. 

the tremendous pressures involved. Pressing the hob into the blank 
requires much care, and frequently several alternate pre»ings and 
annealings arc necessary before the job is complete. During the 
bobbing operation the flow of meul in the blank is restrained from 
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any appreciable lateral movement by a heavy retainer ring placed 
around it. The actual pressing is done in h^aulic presses having 
capacities ranging from 250 to 8000 tons. 

The advantage of bobbing is thstt multiple, identical cavities can 
be produced economically. The surfaces of the cavities have a highly 
polished finish, and no machine work is necessary other than to re¬ 
move surplus metal from the top and sides of the blank. This 
process is used a great deal in producing molds for the plastic and 
die-casting industries. 


Punch 

■Blank 


Punch 

Blank 



'Section through 
coined piece 



■ Section through 
embossed piece 


Rfl. 10. Illustrating th» diffuranc* bntwuan tha procasMi of coining and ombouing. 


Coining and ombossing. The operation of coining, shown in 
Figure 10, is (X^rformed in dies which confine the metal and restrict 
its flow in a lateral direction. Shallow configurations on the surfaces 
of flat objects, such as dbins, are produced in this manner. * Because 
special-type presses developing high pressures are required in this 
operation, its use is limked to fairly soft alloys. 

Embossing is more of a drawing or stretching operation and does 
not require the high pressures necessary for coining. The punch 
is usually relieved so that it touches only the part of the blank that 
is being embossed. The mating die conforms to the same configura¬ 
tion as the punch so that there is very little metal squeezihg in the 
operation and practically no change in the thickness of the metal. 

Mlveflug oiicf tfaJiing. Both these processes are used to fasten 
parts together, as illustrated in Figure 11. In the usual riveting 
operation, a solid rivet is placed through holes made in the parts 
to be fastened together, and the end is pressed to shape by a pundi. 
Hollow rivets may have the ends secured by curling them over the 
edges of the plate. 

Staking is a similar operation in that the metal of one part it 
upset in such a fashion as to cause it to fit ti^tly against the other 
part. A staking punch may have one or more projections on it at 
shown in the figure, or it may be in the form of a ring with sharp 
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chisel-like edges. Both operadons can be performed on small presses 
because not much pressure is required. 



Rg. II* RivAting And italing proctnn used for fastoning parts tegathar. 



Rg. 12. Cold-roll tubo-formlng fflachina. Strip ontan mackino from coil (aot skown) 
and is bont to tubular shapa by S pairs of rolls bafora antaring waldar. (Cowrtasy Tha 
Yodar Company.) 


Hoff forming. Cold-roll-forming machines are constructed with 
a series of mating rolls which progressively form strip metal as it is 
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fed continuously through the machine at speeds ranging from 50 to 
SOO fpm. Such a machine is shown in Figure 12, where tubular 
sections are being produced by five pairs of rolls. The tubular 
section enters a resistance welder after being formed and is con- 



Atserfmml of shapm, eoid-rolUfoririMl from eoSled Soquonco of forming opora- 
strip. (Courtoty Tho Yodor Company.) fiont for window seroon 

section. (Courtesy The 
Yoder Company.) 

Rg. 13. 


tiniioiisly welded as it passes through the machine. The number of 
roll stations depends on the intricacy of ilie part being formed; for a 
simple channel four pairs may be used, whereas for more complicated 
forms several times that number may be required. In addition to 
the mating horizontal rolls, these machines are frequently equipped 
with guide rolls mounted vertically to assist in the forming operation 
-and straightening rolls to *‘true-up’’ the product as it emerges from 
the last forming pass. 

Figure 13 shows a typical variety of parts that have been roll- 
formed, and in the figure adjacent to it, is shown a sequence of form¬ 
ing operations for tlie window screen section. In such a forming 
sequence the vertical center or pass line is first established so that 
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the number of bends on either side is about the same. Forming 
usually starts at the center and progresses out to the two edges as 
the sheet moves through the successive roll passes. The amount of 
bending at any one roll station is limited. If the bending is too great 
it carries back through the sheet and affects the section at the pre¬ 
ceding roll station. Comer bends are limited to a radius of the sheet 
diameter. 

In terms of capacity for working mild steel, standard machines 
form strips up to 0.156 inch thick by 16 inches wide. Special units 
have been made for much heavier and wider strip steel. The process 
is rapid and is applicable to the forming of protlucts having sections 
requiring a uniform thickness of material throughout their entire 
length. Unless production requirements are high, the cost of the 
machine and tooling cannot be justihed. 

Plaf» binding. Another method of bending metal plates and 
strips into cylindrical shapes is by means of a roll-bending machine 
as illustrated in Figure 14. This machine is made up of three rolls of 
the same diameter, two of them being held in a 6xed t>csition and one 
being adjustable. As a metal plate enters and goes through the roils, 
its final diameter is determined by the position of the adjustable roll; 
the closer it is moved to the other rolls, the smaller will be the 
diameter. Machines of this type are made in capacities ranging from 
those that form small gage thicknesses to others that form heavy 
plates up to U/^ inch in thickness. 

Soomlng. In the manufacture of metal drums, pails, cans, and 
numerous other products made of light-gage metal, several types of 
seams are used. The most common of these are shown in Figure 15. 
The lock seam used on longitudinal seams is adapted for joints that 
do not have to be absolutely tight. After the container is formed, the 
edges are folded and. pressed together. The compound seam, some¬ 
times called the Gordon or box seam, is much stronger and tighter 
than the lock seam and is suitable for holding fine materials. Both 
these joints may be formed and closed on either hand- or power- 
seaming presses. 

Bottom seams, which •are somewhat similar to the longitudinal 
seams, are made in either fiat or recessed styles. Flat-bottom recessing 
is limited to one end of a container, as the container must be open to 
make the joint. Double seaming with recessed bottoms can be done 
on both ends of a container. Edge flanging, curling, and flattening, 
the operations necessary to make a recessed double seam, are shown 
in the figure. 

Double-seaming machines may be hand-operated, semiautomatic, 
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or automatic. Semiautomatic machines must be loaded and un¬ 
loaded by the operator, but the operation of the machine is auto¬ 
matic. In automatic machines the cans are brought to the machine 
by conveyor, and ends are supplied by magazine feed. The cans are 



Fig. 14. PUt* banding rolls. (Courtesy Atuminum Corporetion of Americe.) 


fed from the conveyor to a star wheel, which transfers them to an 
automatic delivery turret. The delivery turret feeds them into posi¬ 
tion with the seaming heads, and the closing seam is made. 

Shot peenfiif. This method of cold working has recently been 
developed to improve the fatigue resistance of the metal by setting up 
compressive stresses in its surface. 7'his is done by blasting or hurling 
a rain of small shot at high velocity against the surface to be peened. 
As the shot strikes, small indentations are produced, causing a slight 
plastic How of the surface metal to a depth of a few thousandths of an 
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inch. This stretching of the outer fibers is resisted by those under¬ 
neath, which tend to Ktum them to their original length, thus pro- 
ducii^ an outer layer having a compressive stress while those below 
are in tension. In addition, the surface is slightly haidened and. 
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Rg. 16 . Typloil tMim umkI in.tnsniifaetur* of light-gag* matal eonfainan. (Courtaty 
Niagara Teal A Machlaa Cempany.) 

Strengthened by the cold-working operation. Since fatigue failures 
result from tension stresses, having the surface in compression greatly 
offsets any tendency toward such a failure. 

Shot peening is done by air blast or by some mechanical means. 
Figure 16 shows the unit from a machine that utilizes centrifugal 
force for hurling steel shot upon the work at a high velocity. This 
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unit is similar to the one used in the machine shown- in Figure 18, 
Chapter 3, for cleaning castings. Shot enters the funnel at which 
feeds it to the rotating wheel at G. The wheel then dischatges the 



Rg. 16. Unit from Whoeiapoening machino utilixing cantrifugal foreo for hurting shot 
upon work at high valocity. (Courtasy Whaolabrator Corp.) 


V 



Rg. 17. Surfoeo eharaetor of 45 Roekwoil-C Stool which hot boon that poonoci wHh 
stool shot. A I9l/2«lneh dlomotor Whoolobroter unit wot mod ot • ipood of 2250 rpm. 
(Courtoty Whoolobrotor Corp.) 


*hot at a high velocity by its rotation. The surface obtained by this 
action is shown in Figure 17. The surface roughness or finish can 
be varied aca)rding to the size of shot used. Stress concentrations ^ 
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due Co the roughened surface are offset for the reason that the inden¬ 
tions are close together and no sharp notches exist at the bottom of 
the pits.i Intense peening is not to be desired, for it may cause 
weakening of the steel 

This process adds increased resistance to fatigue failures of working 
parts and can be used either on parts of irregular shape or on local 
areas that may be subject to stress concentrations. Surface hardness 
and strength are also increased, and, in some cases, the process is used 
' to produce a suitable commercial surface finish. However, it is not 
effective for parts subjected to reversing stresses, nor is its effect 
appreciable on heavy sections. 


REVIEW QUE STIONS 

1. What is meant by strain hardening? 

2. How are residual stresses removed fiom cold-Hoiked metal? 

3. What are the effects of cold working? 

4. Why is shafting usually cold-rolled? 

I. Describe the operation of tube drawing. 

4 . How is wire made? 

7. Descril>e the metal spinning piocess. 

1. For what type of work is stretch forming used? 
f. What is meant by .swaging anti how is it done? 

10. Describe the priKess of putting heads on ^nall Imlts and riveu. 

11. How does coining differ from emlmsing? 

12. Distinguish between riveting and staking,, 

13. For what type of work is roll forming used? 

14. Describe the tipcralion of a plaie-ltending machine. 

IB. For what purposes is shot peening used? 

14. How is die bobbing done? 

17. De$cril)e how the fatigue resistanre of metal can be improved by cold 
working. 
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CHAPTER 


PRESS WORK 


The machine used for most cold-working operations is known as 
a press. It ronsists of a machine frame sapporting a bed and a ram, 
a source of power, and a mechanism to cause the ram to move in line 
with and at right angles to the bed. T'he illustrations in this chapter 
show numerous typical designs of press equipment. 

A press in itself is not sufficient as a production machine but must 
be equipped with tools commonly called dies and punches, designed 
for (xrtain specific operations. Although some presses are better 
adapted for certain types of work than others, most of the forming, 
punching, and shearing operations can be performed on any standard 
press if the proper dies and punches are used. This versatility makes 
it possible to use the same press for many different jobs and opera¬ 
tions, which is a desirable feature for short-run production. 

Presses are capable of rapid production, since the actual time of 
operation is only the time necessary for one stroke of the ram plus 
the time necessary to feed the stock. Accordingly, production costs 
may be kept very low. Any product that can be fabricated from thin 
metal and does not require extreme accuracy in dimensional toler- 
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ances can be economically made on this type of machine. Its special 
adaptability to mass-production methods is evidenced by its wide 
application in the manufacture of automotive and aircraft parts, 
hardware specialties, toys, and kitchen appliances. 

Types of Presses 

A classification of press machines is difficult to make, as most presses 
are capable of Varied ty|)es of work. Hence, it is not entirely correct 
to call one press a bending press, another an embossing press, and 
still another a blanking press, since all three types of operations can 
be done on one machine. However, some presses, especially designed 
for one type of operation, may be known by the operation name, as 
for example, a punch press, or a coining press. The simplest classifi¬ 
cation would be according to source of power—either manually 
operated or power-operated. Many manually operated machines are 
used for thin .sheet-metal work, particularly in jobbing work, but 
most production machines are pow'er-operated. Other ways of group¬ 
ing presses would be according to number of rams or method of 
operating the rams. Most manufacturers name them according to 
the general design of the frame, although in many cases they are 
designated according to the power-transmitting arrangement or the 
main purpose for which the press will be used. If this method of 
classification is used, most presses can be listed under the following 
headings; ^ 

Types of Presses 

A. According to design of frame: 


1. Bench 

3. Gap 

6. Horn 

2. Inclinable 

4. Arch 

.5. Straight side 

7. Pillar 

According to method of applying power to ram: 


1. Crank 

4. Power screw 

7. Hydraulic 

2. Cam 

a. Rack and pinion 

8. Toggle 

S. Eccentric 

6. Knuckle joint 

9. Pneumatic 

According to purpose of press: 


1. Squaring shears 

6. Seaming 

10. Transfer 

2. Circle shears 

7. Straightening 

11. Knibbler 

5. Brake 

8. Forcing 

12. Stretching 

4. Punching 

9. Coining 

13. Turret 

5. Extruding 


14. Forging 

In the selection of 

the type of press to use for a given 

job, a number 


of factors must be considered. Among these are the kind of operation 
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to be performedt sin: of the part being worked upon, power required, 
and speed of opn'ation. For most punching, blanking, and trimming 
operations, crank or eccentric*type presses are generally used. In 
these presses the energy of the flfywheel may be transmitted to the main 
shaft either directly or through a gear train. For coining, squeezing, 
or foiging operations, the 
knuckle-joint press is ideally 
suited. It has a short stroke 
and is capable of exerting a 
tremendous force. Presses for 
drawing operations normally 
operate at slower speeds than 
for operations such as blank¬ 
ing, and hydraulically oper¬ 
ated presses are especially de¬ 
sirable for this work. The 
standard practice is not to ex¬ 
ceed 65 fpm when working 
mild steel; however, alumi¬ 
num and other nonferrous 
metals may be worked at 
speeds up to 150 fpm. Hy¬ 
draulic presses may also be 
used for forging, straighten¬ 
ing, sizing, and similar opera¬ 
tions. 

fflcflnMf prass. A single¬ 
action, single-crank inclin- ^ l t • i *- • n li 

Fig. I. Opcn-Mek, tingl*-«ction, incliMbIc 

able press is shown in Figure ^ Cl»ri.q 

1. The inclined frame of the Machin* Corp.) 
machine aids in . the discharge 

of the work and scrap from the press. Parts can slide by gravity into 
a tote box, or material may be fed by chute into the dies. Most 
presses of this type are adjustable and vary from a vertical to a 
rather steep angle position. For diversified press work this arrange¬ 
ment is preferred, since many jobs are done best with the press in a 
vertical position, particularly if the parts are discharged through the 
die. Inclinable presses are often used in the production of small parts 
involving bending, punching, blanking and similar operations. 

Gop prats. Gap or C-frame presses are so named because of the 
open throat arrangement of the press frame. Figure 2 shows four of 
the common typo; of presses from the standpoint of press frame 
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design, including a gap press. This design provides exceUent clear¬ 
ance around the dies and permits the press to be used for long or 
wide parts. The usual stamping operations may be performed on a 
gap pt'ess, and frequently the inclinable feature is used. 

Arch prat. The arch press, also illustrated in Figure 2, is named 
Cor the peculiar shape of its frame. The lower part of the frame 

near the bed is wide to permit the 
working of large-area sheet metal; 
the upper part is narrow. The 
crankshafts are small in relation 
to the area of the slide and press 
bed, as these presses are not de¬ 
signed for heavy work. They are 
used for blanking, bending, and 
trimming in the manufacture of 
large paint cans and numerous 
other sheet metal products. Other 
applications include the forming 
of shovels, the embossing of let¬ 
ters on metal panels, and the 
manufacture of kitchenware. 

Sfrolgfif-sicfe press. As the 
capacity of a press is increased, it 
becomes necessary to increase the 
strength and rigidity of the frame. 
Straight-side presses accomplish 
this because loads imposed on the 
die are taken up in a vertical 
direction by the heavy .side frame, and there is little tendency for 
punch and die alignment to be affected by the strain. 

Presses ol this type are made with various means of supplying 
power and different methods of opeiatiun. For the smaller presses a 
single crank or eccentric usually turnishes the power, but as the size 
of the work increases, additional cranks are needed to distribute the 
load on the slide uniformly. Double-acting presses, used a great deal 
in drawing operations, have an outer ram which precedes the punch 
and clamps the blank before the drawing operation. The outer ram 
is usually driven by a special link motion or cams, whereas the inner 
ram carrying the punch is crank-driven. 

A large straight-side enclosed, double-acting toggle press is shown 
in Figure 3. Pressure is applied on the slide in four places. This 
is a distinct advantage in lar^-area presses because such construe- 





Gap Press 
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U- 




Stroight Side Press Horn Press 

Fig. 2. Typical frama designs died i 
presses. 
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tion prevents tilting of the slide with unbalanced loads. The (oggfe 
mechanism in this machine is for the purpiose of controlling the 
moticHi of the blank holder. **A toggle mechanism may be described 



Rg. 3. THrr»t top eomplctsly ferm*d with one stroke of enclosed! toggle press eftar 
being removed from die. (Courtesy E. W. Bliu Company.) 


as a grouping of cranlur, levers, and slides with the necessary con¬ 
necting links so arranged that the train of movement may contain 
several dead-center positions at approximately the same time. If the 
motion is Bo controlled that the several points pass through dead cen¬ 
ter a little way, and back through it again in returning, the effective 
dwell period may be extended within certain limits.''^ The dwell 

IE. V. CraiM. Hmtk Worki »9 of Motofs ood Non44ofallk fdoMaft to Pnom, 
John WIloy ond Sens, 1944, p. 302. 
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period is the interval of time during which there is no motion of the 
blank holder. This is necessary for blank holding on drawing opera* 
tions, and it is frequently advisable to have a slight dwell on the 
punch to allow the metal to adjust itself properly under pressure. 

Straight side frames are also used on hydraulic presses where heavy 
loads are encountered such as the forming of heavy gage material, 

press forging, coining, and 
deep drawing. 

Horn press. Horn presses, 
also illustrated in Figure 2, 
are usually provided with a 
heavy shaft projecting out 
from the machine frame in¬ 
stead of the usual bed. Where 
a bed is furnished, j)rovision 
is made to swing it to one 
side when the horn is used. 
'I'his press is used principally 
on'Cylindrical objects involv¬ 
ing seaming, flanging edges, 
punching, riveting, and em¬ 
bossing. 

Kuuckl9~loittf pr«ss. 

Presses designed for coining, 
sizing, and heavy embossing 
must be quite massive to 
withstand the large concen¬ 
trated loads imposed upon 
them. The press shown in 
Figure 4 is designed for this 
pur|>ose and is equipped with 
a knurklt'joint mechanism 
for actuating the slide. The upper link or knuckle of this point is 
hinged at the upper pan of the frame at one end and fastened to a 
wrist pin at the other. The lower link also is attached to the same 
wrist pin and the other end to the slide. A third link is fastened 
to the ends of the wrist pin and acts in a horizontal direction to move 
the joint. As the two knuckle links are brought into a slraight-line 
position, tremendous force is exerted by the slide. The press shown 
in the figure has a capacity of 150 tons. 

This type of press has always been widely used in the striking of 
coins. According to tests made at the United States Mint in Phila- 



Fig. 4. * KnuekI*-joint pross. (Courtoty E. W. 
Blisc Company.) 
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Fig. S^. PragrMsIva forming of bond on pres* brake. (Courfety The Cincinnafi 
Shaper Company.) 



Rg. EE. Corrugating light>gego metal with pre** brake. (Courtesy The Cinoinnat! 
Shaper Company.) 
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delphia a pressure of 98 tons is required to bring out dear impressions 
on silver half dollars made in a closed die. 

Aside from striking coins, many other parts, such as medals, key 
blanks, car tokens, license plates, watch cases, and silverware are cold- 
pressed in this type of machine. Sizing, cold heading, straighten¬ 
ing, heavy stamping, and similar operations can also be performed. 
As the stroke of this type of press is short and slow, it is not adapted 
to some of the usual press operations. 

Press brake, A press brake, arranged for corrugating light-gage 
metal, is shown in Figure 5B, and Figure 5A above illustrates die 
setups for the progressive forming of a large bead on the edge of a 
long plate of steel. This figure illustrates the adaptability of this 
machine for processing large sheets of relatively thin metal. Aside 
from the usual brake or forming op>erations, a press of this type 
may be used for corrugating, seaming, embossing, trimming, and 
multiple punching. These presses are made in lengths ranging 
from 4 to 20 feet, with metal thickness ranging from light gage to 
% inch. 

The pressure capacity of a press brake required for a given material 
is determined by the length of work it will take, the thickness of the 
metal, and the radius of the bend. 'I'he minimum inside radius of a 
bend is usually limited to a radius etjual to the thickness of the 
material; however, the thickness rating of a press can be increased 
slightly if a larger radius* is used. For bending operations the re¬ 
quired pressure varies directly in proportion to the tensile strength 
of the material. Press brakes have short strokes and are generally 
equipped with an eccentric-tyjie drive mechanism. 

Shearing shears. I'his machine is used entirely for shearing 
sheets of steel and is matle in both manual and power-operated sizes. 
Figure 6 shows a large shear capable of shearing sheets up to a width 
of 10 feet. Hydraulic hold-down plungers are provided every 12 
inches to prevent any movement of the sheet duiing the cutting. 
In operation the sheet is advanced on the bed so that the line of cut 
is under the shear. When the foot treadle is depressed, the hold¬ 
down plungers descend, and the shearing blade cuts progressively 
across the sheet. 

Turret press. The principal features of the press shown in Fig¬ 
ure 7 are the upper and lower turrets designed for carrying the 
different-size punches and dies. The two turrets are geared together 
and, when operating, are securely locked in position for exact align¬ 
ment. The table, shown in front of the machine with its cross slide, 
offers an accurate and convenient means of locating the sheet under 
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R«.7. Turret iMiiiek prMt In eptratien. (C«urt*iy Witdainann Maehin* Company.) 
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the punching station. When a number of identical parts are to be 
made, a fixed template is prepared and, if the template is followed 
with the movable stylus, all holes are accurately positioned. The 
large hand wheel just below the table is used for rotating the turret. 
Other machines of this general type have gaging tables which accu* 
rately position the work under the turret by turning two hand wheels 
in front of the operator. 

These punches are designed to handle short-run production and 
jobbing work in an efficient manner. Aside from ordinary metal 
punching, these machines can also be set up for slotting, embossing, 
notching, and louver operations. 

Pow9r screw or pcrcwsslea press. Figure 8 shows a percussion 
press for applications where a hard end pressure is required. The 
friction drive accelerates the flywheel gradually on the down stroke, 
and all its energy is utilized as it comes to a stop, striking the work. 
Regulation of the blow is obtained by raising or lowering the position 
of the die. If the die is raised, the flywheel is stopped at a higher 
point and has less force, since its speed is less. For a given setting the 
blows are the same, and overloading is impossible. Since all the force 
of the blow is absorbed in the frame of the machine, expensive 
foundations are unnecessary. 

Small machines of this type are used for striking medals and signet 
rings, stamping and embossing jewelry, and for similar processes. 
Larger machines can be used for cold-stamping and pressing small 
metal parts as well as for hot-pressing brass and other forgeable 
metals. The laigest of these machines, exerting 50,000 foot-pounds 
per stroke, can be used to replace drop-forging operations. The 
hot pressing of brass (60% copper and 40% zinc) has proved very 
satisfactory with this type of press. 

Hydraulic prcM. Hydraulic presses have longer strokes than 
medianical presses' and develop full tonnage throughout the entire 
stroke. However, the capacity of these presses is leadily adjustable, 
and only a fraction of the tonnage may be used. Also the length of 
the strokes may be adjusted to whatever is needed. The presses are 
especially adapted to deep-drawing operations because of their slow, 
uniform motion. They are also used for numerous other press opera¬ 
tions requiring heavy tonnage such as briquetting powdered metals, 
extruding, laminating, plastic molding, and press foiging. They are 
not recommended for heavy blanking and punching operations as 
the break-through shock is detrimental to the press. Maintenance 
is higher than for mechanical presses even though the operation 
of the press is much slower. Small hydraulic presses are similar in 
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app^irance to straight-side presses. For large area work the post or 
four-coiumn-type construction is used. 

The three special hydraulic presses in Figure 9 progressively {orm 
40-foot skelp into large tubes up to 26 inches in diameter. The sluelp 



Rg. I. Pcrcuuien power prow. (Ceurtoty Zoh oikI Hoknomonn Cempony.} 

a 

is formed to a U shape in the first press and to a near tubular sectio 
in the second and closed to a tubular form in the third. I'he join 
is closed by flash welding, after which the flash is removed, the ends 
are faced, and the pipe is sized, straightened, and tested. Other 
methij^ of forming pipe are discussed in a previous chapter. 

Tri^iihr pr«Sf. Transfer presses, being fully automatic, are 
capadile of performing consecutive operations simultaneously. Mate-' 





mss WORK 


af4 



Special prvwM fenn • Iwb* out of flat tlool In thrao oporationt. (Ceurtocy A. O. SfflHh Corporation.} 
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rial » fed to the press by rolls or as blanks from a stack feeder. In 
operation the stock is moved from one station to the next by a 
mechanism synchronized with jthe motion of the slide. Each die is 
a separate unit and is provided with a punch which may be inde* 
pen^ntly adjusted from the main slide. 

The economic use of transfer presses is dependent upon quantity 
production, as their usual production rate is 500 to 1500 parts per 
hour. Products made on this equipment include headlight bodies, 
brakeKirum shells, ice-cube trays, refrigerator doors, and stove parts. 
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Rfl. 10. V«rioui driv* maclMnismi uccd on protfot. 


Dri¥« liwclMnisnis Uftd hi PrtfiM 

Most of the drive mechanisms used in presses for transmitting 
power to the slide are shown in Figure 10. The most common drive 
is the single crank, which gives a movement to the slide approaching 
simple harmonic motion. On a down stroke the slide is accelerated. 
Reaching its maximum velocity at midstroke, it is then decelerated. 
Most press operations occur near the middle of the stroke, at maxi* 
mum slide velocity. The eccentric drive gives a motion like that of 
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a .crank and is often used where a shorter stroke is required. Some 
proponents of this drive claim for it greater rigidity and less tendency 
for deflection than a crank drive might have. Cams are used where 
some special movement is desired, such as a dwell at the bottom of 
the stroke. This drive has some similarity to the eccentric drive, 
except that roll followers are used to transmit the motion to the 
slide. 

Rack and gear presses are used only where a very long stroke is 
needed. The movement of the slide is much slower than in crank 
presses, and uniform motion is attained. Such presses are provided 
with stops to control the stroke length and may be equipped with 
some quick-return feature to raise the slide back to starting position. 
The common arbor press is a familiar example of this type. 

Hydraulic drive is used in many presses for a wide variety of work. 
It is especially adapted to large pressures and slow ispeeds in forming, 
pressing, and drawing operations. 

In the screw drive, the slide is accelerated by means of the friction 
disk engaging the flywheel; and, as the flywheel moves down, greater 
speed is applied to it. From beginning to end of the stroke, the 
slide motion is an accelerated one. At the bottom of the stroke the 
entire amount of stored eneigy is absorbed by the work. The action 
resembles that of a drop hammer, but it is slower and there is less 
impact. ^ 

^veral link mechanisms are used in press drives, either because of 
the type of motion they h^ve or because of the mechanical advantage 
they develop. The knuckle joint is very commonly used, because it 
has a high mechanical advantage near the bottom of the stroke 
when the two links approach a straight line. Because of the high 
load capacity of this mechanism, it is used for coining and sizing 
operations. Eccentric or hydraulic drives may be substituted for the 
crank shown in the figure. Toggle mechanisms, used primarily as a 
means of holding the blank on a drawing operation, are made in a 
variety of designs. The auxiliary slide in the figure is actuated by 
a crank, but eccentrics or cams may be used. The principal aim of 
this mechanism is to obtain a motion having a suitable dwell so that 
the blank may be held eflFectively. 

ffMd M•dMi■lslnf 

Safety is a paramount a>nsideration in press operation, and every 
precaution must be taken to protect the operator. Wherever possible, 
material should be fed to the dies by some means that eliminates any 
chance of the operator having his hands near the dies. In loiig-nin 
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production jobs such features can be worked out economicaUy in 
various ways. Feeding devices are best applied to mediuni*siaed 
and small presses and have the advantage of rapid, uniform machine 
feeding in addition to the safety features. 

One of tlie common types of feeding mechanisms is the double-roll 
feed, operating in connection with coiled stock and scrap reels as 
illustrated in Figure 11. The operation of the feed rolls is con¬ 
trolled by an eccentric on the crankshaft through a linkage to a 
ratchet wheel which pulls the material across the die from right to 
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Rq. il. DtagremiMtle illintretien of roll food for proas. (Courlosy F. J UHoil 
Modiino Company.) 


left. Each time the ram moves up, the rolls turn and feed the proper 
amount of material for the next stroke. By providing the machine 
with a variable eccentric, the amount of stock fed through the rolls 
can be varied easily. The rolls are relieved before the stroke to 
permit proper alignment of the stock. For heavy material, straighten¬ 
ing rolls can be used Which also act as feeding rolls. 

Another type of feeding device is the dial-station feed. This 
method is designed to take care of single parts previously blanked 
or formed in some other press. Again the indexing is controlled 
by an eccentric on the crankshaft through a suitable link medianism 
to the dial. Each time a stroke is made, the dial indexes one station. 
All feeding by the operator takes place at the front of the machine 
away from the dies. 





m 


Ntfiss womt 


Lig^t parts can be stad^ed in a magazine and placed in poutimi 
by a suction device. A blank is lifted off the top of the stack by sue* 
tion fingers and placed against a stop gage on the die. Mi^;azine 
feeds may also be used with a redpraScating mechanism which feeds 
blanks from the bottom of the stack. Gravity feed is sometimes used 
on inclined presses, the blank sliding into a recess at the top of 
the die. 

Prnss Operations and Tools Used 

The tools used in most presses come under the general heading 
of punches and dies. The punch refers to that part of the assembly 
which is attached to the ram of the press and is forced into the die 
cavity; the die is usually stationary and rests on the press bed. It 
has an opening to receive the punch, and the two must be in perfect 
alignment for proper operation. Punches and dies are not inter¬ 
changeable, but must work together as a unit. A single press may 
do a large variety of operations, depending on the types of dies used. 

Dies may be class! according to either the type of press opera¬ 
tion performed or their construction. A simple classification in¬ 
cluding most dies is as follows; 

Types of Dies 

A According to type of press operation: 

1. Shearing—blanking, punching, notching, perforating, trimming, shav¬ 
ing, slitting, and lancing 

2. Bending—angle bendings curling, folding, forming, and seaming 

S. Drawing—forming flanges, tubes, embossing, bulging, cupping, and 
reducii^ 

4. Squeezing—coining, sizing, flattening, swaging, cold forging, riveting, 
upsetting, extruding, and hot pressing 

B. According to construction or method of operation: 

1. Simple 4. Transfer 

2. Compound 5. Hydraulic 

8. Progressive 6. Rubber 

Skmartag, The cutting of metal involves stressing it in shear 
above its ultimate strength between adjacent sharp edges as shown 
in Figure 12. As the punch descends upon the metal, the pressure 
first causes a plastic deformation to take place as at b in the f^ure. 
The meul is highly stressed adjacent to punch and die edges, and 
fractures start on both sides of the sheet as the deformation progresses. 
When the ultimate strength of the material is reached, the hractuie 
progresses; and, if the clearance is correct and both $dges are of equal 
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sharpness, the fractures meet at the center of the sheet as shown at c. 
The amount of clearance, which plays an important part in die de¬ 
sign, depends upon the hardness of the material. For steel it should 



(o) Punch Contacting Metal (b) Plastic Deformation (c) Fracture Complete 

and Fracture Starting 


Rg. 12. ProeMS of ihoorlng motol with punch end dio. 

be 5 to 8% of the stock thickness per side. If improper clearance is 
used, the fractures do not meet and cross the entire sheet thickness, 
using more power. 

Fiat punches and dies as shown in the figure require a maximum 
of power. To reduce the shear force the punch or die face should be 
made at an angle so that the cutting action is progressive. This 
distributes the shearing action over a greater length of the stroke and 
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Rg. 13. Illuttnifing tho difforoneo bofwoon punching and bUnhing oporaflom. 


materially reduces the power required. The angle given the punch 
or die ranges from one fourth to full thickness of the sheet, which 
amount will reduce the power required by about 50%. 

Blanking, as shown in Figure 13, is the operation of cutting out 
flat areas to some desired shape and is usually the first step in a 
series of operations. In this case the punch should be flat and the 
die given some shear angle so that the finished part will be flat. 
Punching or piercing holes in metal, notching metal from edges, or 
perforating are all similar operations, but the metal removed per 
pundi is usually much smaller than that removed by blanking. For 
tbese operations the shear angle is on the punch and the metal re¬ 
moved is scrap. Brimming is the removal of “flash” oar excess metal 



300 


PlISS WORK 


from around the edges of a part and is essentially the same as blank¬ 
ing. Shaving is similar except that it is a finishing or sizing process 
in which less metal is removed. Slitting is the making of incomplete 
cuts in a sheet a% illustrated in Figure 14. If a hole is partially 



Slitting Operations Lancing 


Fig. 14. Examplw of liitting and Unelng eparatiem. 

punched and one side bent down as a louver, it is called lancing. 
All these operations may be done on presses of the same type and 
differ little except in the dies that are used. 



Rf. 16. Blanking .punch and die. 


A simple blanking punch and die are shown in Figure 15. The 
parts that do the cutting are made of tool steel and are built in as 
inserts. The punch is made up of a holder having a shank and a 
tool-steel pun(^. The shank of the punch fits into the press slide 
or a punch plate attached to the slide. The die is supported on a 
cast-steel die shoe, which, in turn, is fastened to the bolster plate on 
the press bed. The die shown in the figure is designed for blanking 
disks from strip metal. Steel is fed into the opening at one end ctf 
the die up to a stop provided at the other end.^ The steel plate 
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over the stock is called a stripper plate, since it holds the blanked 
surip in place as the punch moves up to its starting position. Blanks, 
which have been sheared by the punch, drop through it to a con¬ 
tainer underneath the press. 

Boadflaf and formhg. Bending and forming may be performed 
on the same equipment as that used for shearing, namely, crank, 
eccentric, and cam-operated presses. Where bending is involved, 
the metal is stressed in both tension and compression at values below 
the ultimate strength of the material without appreciable change in 



(a) (b) 

R 9 . 16. Spring back in banding oparatiena. 


its thickness. As in a press brake, simple bending implies a straight 
bend across the sheet of metal. Other trending operations such as 
curling, seaming, and folding are similar, though the process is 
slightly more involved. • 

In designing a rectangular section for bending one must determine 
how much metal should be allowed for the bend, since the outer 
fibers are elongated and the inner ones shortened. During the opera¬ 
tion the neutral axia of the section is moved in toward the compres¬ 
sion side which, throws more of the fibers in tension. The entire 
thickness is slightly decreased, with the width being increased on the 
compression side and narrowed on the other. Though correct lengths 
for bends can be determined by empirical formulae, they are in¬ 
fluenced considerably by the physical properties of the metal. Metal 
which has been bent retains some of its original elasticity and there is 
some elastic recovery after the punch is removed, as shown in Fig¬ 
ure 16. This is known as spring back. The fibers in compression 
expand slightly and those in tension contract, the combined action 
resulting in a slight opening up of the bend. Spring back may be 
corrected by overbending an amount such that when the pressure is 
released the part will return to its correct shape. Spring back is more 
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pronounced in large bend radii. The minimum bend radius varies 
aax»rding to the ductility and thickness of the metal. 

A forming die, designed to bend a flat strip of steel to a U shape, 
is dmwn in Figure 17. As the punch descends and forms the piece, 
the knockout plate is pressed down, compressing the spring at the 
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Fig. ik Femiing punch und diu. 


bottom of the die. Wheif the punch moves up, the plate forces-the 
work out of the die with the aid of the spring. Such an arrangement 
is necessary in most forming operations because the metal presses 
against the walls of the die, making its removal difficult. Parts that 
tend to adhere to the punch are removed by a knockout pin which 
is engaged on the up stroke. 

Orowiag. Three types of bent flanges are shown in Figure 18. 
The first one, shown at A, is the simple straight bend. The stretch 
flange and shrink flange, shown at B and C, respectively, involve a 
plastic flow of metal which does not take place in a straight bend 
flange. This plastic flow or adjustment of metal is characteristic of all 
drawing operations. Stresses are involved which exceed the elastic 
limit strength of the metal so as to permit the n»tal to conform to 
the punch. However, these stresses cannot exceed the ultimate 
strength without developing cracks. If the stretch flange at B is con* 
sidered to be a section of a circular depression that has been drawn, 
the meul in arc oa must have been stretched to aV in the operation. 
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The action is a thinning one and must be unifona to avoid aacks. In 
the shrink flange at c the action is just the opposite, and the metal in 
the flange is thickened. Most drawn parts start with a flat plate of 
metal, As the punch is forced into the metal, severe tensile stresses are 
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induced into the sheet being formed about the punch. At the same 
time the outer edges of the sheet which have not engaged the punch 
are in compression and undesirable wrinkles tend to form. This must 
be counteracted by a blankholder or pressure plate which holds the 
flat plate firmly in place. 



Rg. 19. Arnngcmmt of punch end die for timplc drawing epnration. 

In a simple drawing operation of relatively thick plates, the plate 
thickness may be sufficient to counteract wrinkling tendencies and 
may be done in a single-acting press as shown in Figure 19. Addi¬ 
tional draws may be made on the cup-shaped part, each one elongat¬ 
ing it and reducing the wall thickness. 

Mcnt drawing, involving the shaping of thin metal sheets, requires 
the use of double-acting presses in order that the sheet may be held 
in place as the drawing progresses. Presses of this type vary con- 
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siderably in perfonnance, but usually two slides are jwovided, one 
within the other. One slide, controlling the blank holdii^ ringi» 
moves to the sheet ahead of the other to hold it in place. This 
action is illustrated in Figure 20. The motion of the blank holding 



(a) (b) 

Fig. 20. Action of blonk koldor ond punch in « drawing oporctlen. 



Rg. 21. Onwfng oporotion wing cn tnvortcd punch. 


slide is controlled by a toggle or cam mechanism in ccmnection with 
the crank. Hydraulic presses are well adapted for drawing because 
of their relatively slow action, close speed control, and uniform ptes> 
sure. Figure 21 shows a sectional diagram of an inverted drawing 
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die. The punch is stationary, being mounted on the bed of the press. 
As the die descends, the blank is conucted; and then, as its down- 
urard movement continues, the blank holding ring maintains con¬ 
tact with the blank during drawing. By the use of a die cushion to 
control the holder the pressures on the blank can be increased and 
controlled easily. 



Finished part 




Knockout pin 




strip stock 



Fig. 22. Compound punch and dio. 


Spockil Dios md Fomiiiif Procotaos 

Ofos* The die sets shown in Figures l6 and 18 are classified as 
simple dies, only one operation being performed at each stroke of the 
ram. Compound dies are those that combine two or more operations 
at one station such as the punch and die illustrated in Figure 22. 
Here strip stock is progressively moved through the die, two holes 
arts punched each time the press slide descends, and the piece is 
blanked. When the operations are not similar, as in the case of a 
blanking and forming operation, dies of this type are frequently 
known as combination dies. 

A progressive die set is one that performs two or more operations 
simultaneously, but at different stations. A punch and die set of this 
type is shown in Figure* 23. As the strip enters the die, the small 
square hole is punched first. The stock is then advanced to the next 
station where it is properly positioned by the pilot as the blanking 
punch descends to complete the part. This general type of design 
is simpler than the compound dies since the respective operations 
are not crowded together. Regardless of the number of operations 
to be performed, the finished part is not separated htmi the strip 
block until the last operation. A progressive die set which performs 
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Pig. 23. Progmsiv* punch end die. 


fifteen operation on a can opener, completing one at each stroke, is 
shown in Figure 24. Production is rapid, but close tolerances are 
difiicult to maintain. 


I I . ^ i 



Rg. 24. Pregrcttivc die Mt which performt IB operations on can openers end coni' 
pfetos one et each tlrohe. (Courfesg Verson Aiitteel Press Company.) 

Misalignment of punch and die causes excessive pressures, shearing 
or chipping of die edges, or actual breaking of the toeds. Sudi action 
may occur through shifting, even though the setup is originally 
correct. To prevent such occurrences, proper alignment is insured 
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by providing guide rods at two or four a>mers of the die which fit 
into holes* provided in the punch holder. Such dies are known as 
pillar dies. This arrangement of having the punch and die always 
held in proper alignment greatly facilitates the setting up of the 
tools. A similar arrangement, known as a subpress die (occasionally 
used on small work), employs a punch and die mounted in a small 
frame so that accurate alignment is always maintained. Pressure is 
applied by a plunger which extends out of the top of the assembly. 
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Rg. 2S. Method for forming shoot motel using single die end rubber pod. 

QwrlH prectets. This process greatly reduces the cost of dies in 
the blanking and forming of thin sheet required for aircraft manu* 
facture. In place of expensive steel-mating dies, it employs a single 
die of low-cost material and a thick pad of rubber which adapts itself 
to the die while under'pressure. Sheet metal placed between the 
resilient pad and the die can be cut or formed to shape readily. 

Rubber has proved satisfactory in this work because of its similarity 
to a fluid when properly restrained. Thick pads are mounted on the 
moving platen of the press and held in a container which extends 
about one inch past the pad. On the bed of the press is mounted a 
pressing block which fits into the container recess and upon which 
are mounted the cutting and forming dies. As the platen moves 
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down and the rubber it confined, the force of the ram is exerted 
evenly in all directions, resulting in the sheet metal being pressed 
against the die block as illustrated in Figure 25. Cutting die blocks 
are merely steel templates of the required parts and need not be over 
% inch thick. Forming dies may be made of Masonite, wood, alu¬ 
minum, and magnesium, as well as of steel. 

The Guerin process is limited in the cutting of soft aluminum to 
sheet thickness up to 0.051 inch. For bending and forming, the usual 
limit is around % , inch thick. Thin gages of stainless steel may also 
be fabricated, and magnesium alloys may be hot-formed. In the 
latter application heater plates are mounted on the loading table, and 
the form blocks are maintained at the correct temperature. 

The advantages of this process include simplicity of tooling, low 
tooling cost, use of gang setups, minimum material waste, uniform 
pressure on the metal, and adaptability to various press operations. 

Morform proceoss.^ This process is somewhat similar to the one 
just describe and represents a further development in forming 
technique which permits the deep drawing and forming of irregularly 
shaf>ed parts without certain defects heretofore present in these 
operations. A confined rubber pad is used on the movable platen 
of the press, and a stationary punch is located below, as shown in 
Figure 26. In the operation shown, a metal cup is in the process of 
being formed. At the start of the operation, a flat piece of metal is 
placed on the blank holder plate which is then flush with the top of 
the punch. As the movable platen descends, the rubber pad contacts 
the blank and clamps it securely against both the top of the punch 
and surrounding plate. As the downward movement continues, the 
blank is formed over the end of the punch, and at the same time 
sufficient pressure is exerted over the unformed portion so that no 
wrinkling of the metal occurs. In this respect the process is superior 
to the Guerin process, since in the latter the pressure on the blank at 
the start of the draw does not build up to the point where wrinkles 
are prevented. During the drawing operation, the downward move¬ 
ment of the blank holding plate is opposed by pressure pins which 
are hydraulically operated and can be controlled to exert the pressure 
desir^. Any tendency for tearing around the top of the drawn piece 
is materially decreased because the rubber locks the drawn metal 
against the punch as the operation continues. 

A complete Marform unit is mounted in the four-column hydraulic 
press shown in Figure 27. This unit may be removed if the press is 
to be used for other operations. Advantages claimed for this process 
are deeper draws than are possible in one operation by other metb- 

*D«v«lep«d by flw 6lMn L Marfiii Cempany. 
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Rg. 20. Arrang*m«nt of tho Marform eompenants In a forming eparaflon. (Courtaiy 
Hydroprau.) 



Rg. 27. Hydraulic four^elumn press arranged for Harfermlng. 
Hydropress.) 
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ods, low tooling costs, no damage to surface finish, and the possibility 
of forming tapered and other difficult shapes economically. Shearing 
is also possible by providing undercuts in the punch or blank holder 
plate. In the forming of aluminum, sheets ranging from 0.010 to 
0.675 inch thickness have been processed. 




Z High pressure. 

Prepare water intake 

holder" 

)ressure to prevent • 
blank wrinkling 

Rg. 2S. Diet used In hydrodynamic proeast for forming taparad part shown abovo. 
(Coiirtasy S. B. Whistlar A Sons.) 

Hydrodynoaile precoss.^ This process is designed for shallow 
forming and embossing operations of thin metal by hydraulic means. 
The die arrangement used in the process is shown in Figure 28. 
When in actual operation, it is mounted on a hydraulic press, the 
pressure-pad holder and forming die being attached, respectively, to 
the lower and upper platens. The cycle of operation consists of laying 
a blank upon the pressure pad, closing the dies, and turning on the 
high-pressure water. A uniform ftuid pressure (acting as the punch) 
is exerted on the entire blank area, and there are no localixed strains 
involved. Many odd-shaped and tapered pieces can be readily 
formed to shape in one operation by this process, as illustrated by the 
tapered part shown in the figure. 

Ceverad by U. S. Pcfmito 2,0M,0IS. 2J99.77B, and 
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RI¥iIW QUISTIONS 

1. List the various operations that can be done with press equipment. 

2. What advantages does an inclined press have over one with a rigid frame? 

I. Describe an arch press, and state the type of work for which it ii designed. 

4. How does a double-acting press operate, and for what type of work is it used? 

I. What type of work is a press brake used for? 

4 , Describe the operation of a screw or percussion press. 

7, Show by sketches how a knuckle-joint mechanism operates. On what type 
of press is it used? 

t. For what type of press work do you recommend the use of hydraulically 
operated presses? 

9, What is a transfer press, and for what type of work is it used? 

10. List and describe briefly five types of press drives. 

11. What is the correct clearance between a punch and die in shearing 
operations? Why is it important? 

12. Briefly describe the following press operations: blanking, punching, shaving, 
slitting, and lancing. 

13. How may spring back in bending operations be correaed? 

14. Distinguish between the Guerin and Marform Processes. 

IB. Describe the hydrodynamic process of forming. 

1i, What is a compound die? 

17. Illustrate the use of a progressive die by some part that can be made in this 
manner. 

If. What type of press do you recommend for each of the following jobs: 
forming steel tops for automobiles, stamping^ coins, making corrugated iron 
siding, forming stiffening ribs for airplane wings, and drawing brake drums for 
automobile wheels? 
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INSPECTION— 

MEASURING INSTRUMENTS 

AND GAGES 


Mass production requires that all parts be made according to rigid 
specifications and working drawings. >fo matter how carefully these 
drawings and specifications are prepared, they lose their value unless 
they are adhered to by the production department. It is the function 
of inspectors to see that the standards established by the engineering 
department are mjiintained in the shop. 

laspoetioR 

Since inspection departments in companies demand close quality 
control of their produa, they are separate from the production de¬ 
partment. Because it is the aim of the production department to 
produce goods as fast as possible, there is some tendency to lower 
quality standards if maintaining quality means lowering the output. 
For this reason it is advisable to place the inspection department in a 
ptMition on the organization chart that will insure it sufficient author¬ 
ity to act independently and for the best interest of quality control. 
Frequently it is directly responsible to the engineering department, 
since it is from this department that the drawings originate. 

313 
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The inspector occupies a very important place in an organization. 
He should have personal qualities that warrant placing him in an 
authoritative position; ability, tact, impartiality, and thoroughness 
are all essential qualities. To understand the problems of the oper¬ 
ator, he must have a knowledge of materials, manufacturing proc¬ 
esses, and tools. ^Avoiding arbitrary methods of inspection at all 
times, he must accept or reject work entirely on merit and on estab- 
* lished specifications. 

The amount of inspection given to the product will vary according 
to the nature of the product, the degree of accuracy required, and the 
type of equipment used. When greater accuracy is demanded in the 
product, more insj^ectiun is necessary. A watch factory may use one 
inspector for seven to ten workmen, whereas a foundry requires only 
one inspector for thirty to forty workmen. After being set up, certain 
types of machines, particularly presses for blanking, punching, and 
forming, require very little attention from the inspector. The tools 
and first parts produced are carefully inspected at the start, and, from 
then on, periodic inspection (aside from the attention given the 
machines by the operator) is sufficient. Automatic screw machines 
and other similar automatic equipment can be handled in the same 
way. Once the machine is set up, the change in the product due to 
wear of the tools is so slight that the periodic inspection given by a 
roving inspector is sufficient. 

A system of inspection known as sampling is used on most bulk 
materials such as coal, batch materials, and foundry sand. It is used 
also in the dimensional inspection given parts in machine shops. If 
a proper sample can be determined readily, this method offers a 
means of reducing inspection costs. The frequency or method of 
sampling must be such that there is no possibility of producing a 
large number of defective parts before an error is discovered. 

Many parts that require accurate machine work should be given 
100% inspection to eliminate any possibility of peifoniiing expensive 
operations on defective parts. Crankshafts, bearing races, and gears 
are typical parts that should be treated in this manner. In many 
cases 100% inspection is necessary at several points in the manufac¬ 
turing cycle as well as at completion. In any event, a final inspection 
should always be given before assembly operations. 

Typ«f of Pits 

The term “interchangeable manufacture” implies that the parts 
which go into the assembly of the machine can be selected at random 
from a laige number of parts. In such a system of manufacture, 
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selective fitting is unnecessary except possibly for special close*working 
parts. To make this possible, manufocturing methods must be stand¬ 
ardized and limits o{ accuracy specified on details. Extreme accuracy 
is not always necessary or desirable since manufacturing costs increase 
greatly as working limits become closer. In many cases, on modem 
production machines, it is possible to maintain, with no added ex¬ 
pense, a limit of accuracy in excess of that required by the part. 
However, no part should be made with any greater degree of aaatracy 
than is required by its use in a given mechanism or machine. A 
balance must be established between cost of manufacture and ease of 
assembly. 

The fact that there is a need for various types of fits in manufactur¬ 
ing work is clearly evident. A given industry may require only a 
few; others will maintain that a large number are necessary. In 
general, there are but three types of fits: a clearance fit, a tight fit, and 
an interference fit. It is quite obvious that these three conditions 
will not satisfy all needs since the amount of clearance or interference 
of the mating parts is also an important factor. Hence, it becomes 
necessary to subdivide these classifications further to include those 
fits most commonly used in manufacturing work. Any such classifi¬ 
cation or standai^ will probably not satisfy all manufacturers, but it 
should include the general needs of all industry. 

According to the American Standards Association,! fits are classified 
as follows: * 

CLASS 1 (Loose Fit—Large Allowance): This fit provides for a large 
allowance giving considerable freedom and is used where accuracy is 
not essential (on a 1-inch size, an allowance of 0.003 inch). 

CLASS 2 (Free Fit—Liberal Allowance): For running fits with speeds 
of 600 rpm or over, and journal pressures of 600 psi or over (on a 
1-inch size, an allowance of 0.0014 inch). 

CLASS 3 (Medium Fit—Mecfium Allowance): Used on parts revolv¬ 
ing easily. For speeds under 600 rpm and with journal pressures less 
than 600 psi. This is also applied to sliding parts and is the largest 
allowance'for freedom consistent with accuracy (on a 1-inch size, an 
allowance of 0.0009 inch). 

CLASS 4 (Snug Fit—21ero Allowance): This is the closest fit that can 
be assembled by hand without appreciable pressure. It will not 
rotate easily, and no shake is permissible. A snug fit is not intended 
to move freely under a load (on any size an allowance of 0.000 inch). 

CLASS 5 (Wringing Fit—Zero to Negative Allowance): This is a 

!ASA i4«-l925 fe/troffCM, AUemaiieai, and GofM for f4afol fits, MipcrMdMl In 
pnrf by ASA B4.l-i947. 
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metal-to-meul conUct. It allows for no movement and is assembled 
with slight pressure. Wringing fits are not usually interchaiqieable 
(on a I'inch size, an allowance of —0.0004 inch). 

CLASS 6 (Tight Fit—Slight Negative Allowance): Light pressuK is 
required to assemble these fits, and the parts are permanently assem¬ 
bled. It is used in automotive, ordnance, and general machine manu¬ 
facturing (on a I'inch size, an allowance of —0.0009 inch). 

CLASS 7 (Medium Force Fit—Negative Allowance): Ck>nsiderable 
pressure is required to assemble these fits, and the parts are considered 
permanently assembled. The fit is the ti^test possible for cast iron 
or parts where internal stress will be detrimental (on a 1-inch size, 
an allowance of — 0.0011 inch). 

CLASS 8 (Heavy Force and Shrink Fit—Considerable Negative 
Allowance): These fits are used for steel holes where the metal can 
be highly stressed without exceeding its elastic limit. They ate used 
where heavy force fits are practical, as on locomotive wheel tires. 
Parts united by heavy force fits form one unit without other means 
of holding. In most cases the outer part is expanded by heat before 
assembly (on a 1-inch size, an allowance of —0.0016 inch). 

Tolcrane* and Allowanen » 

In dimensioning a drawing, the figures placed in the .dimension 
lines represent nominal sizes which are only approximate and 
do not represent any degree of accuracy unless so stated by the 
designer. To specify a degree of accuracy, it is necessary to add toler¬ 
ance figures to the dimensie^n. Tolerance is the amount of variation 
permitted in the part of the total variation allowed in a given dimen¬ 
sion. A sliaft might have a nominal size of 2% inches, but for prac¬ 
tical reasons this figure could not be maintained in manufacture 
without great cost. Hence, a certain tolerance would be added; and, 
if a variation of ±0.005 inch could be permitted, the dimension 
would be stated 2.500 ± 0.003. Where dimensions are given close 
tolerances, the reason is that the part must fit properly with some 
other part. Both must be given tolerances in keeping with the type 
of fit and allowance desired. 

Allowance, which is sometimes confused with tolerance, has an 
altogether different meaning. It is the minimum clearance ^ce 
intended between mating parts and represents the condition of tight¬ 
est permissible fit. Figures 1 and 2 illustrate exaggerated conditions 
for clearance and interference fits. The tolerances for shaft and hole 
are indicated by the black bars. In the figure showing a clearance 
fit, the allowance is the difference between the largest Jiaft size and 
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die smallest hole size indicated as 0.002 inch. This value represents 
the minimum allowable clearance space, and 0.008 inch represents the 
m a xim u m . All shafts and mating parts have tolerances, which, if 
maintained, will give clearances between these two extremes. Figure 
2, representing an interference fit, has tolerances limiting the inter- 



Rg. I. Loom or elMrane* lit. 


ference to values between 0.001 and 0.005 inch. In both cases there is 
probably one clearance or interference value that is best, but for 
manufacturing reasons a variation is necessary. To obtain the best 
value, selective or assembly fitting would have to be resorted to. 



Shaft /.SaJ-.tSS Hole 


Rg. 3. Tight or intorfaroneo lit. 

Tolerances may be either unilateral or bilateral. Unilateral tolez- 
ance means that any variation is made in only one direction from the 
nominal or basic dimension. Referring again to Figure 1, we see 
that the hole is dimensioned 1.500 which represents a unilat¬ 
eral ttderance. If the dimensions were given as 1.500 ± 0.003, the 
tolerance would be bilateral; that is, it would vary both over and 
under the nominal dimension. The majority of manufacturing con- 
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cenu in the United States use the unilateral system. The reason for 
this can be determined by reference to Figure S, which illustrates die 
use of both types of tolerance. The unilateral system permits chain¬ 
ing the tolerance while still retaining' the same allowance or type of 



UNILATERAL BILATERAL 


Rg. 3. Illustrating thu application of unilataral and bilatoral tolaraneos. 

fit. With the bilateral system this is not possible without also chang¬ 
ing the nominal size dimension of one or both of the two mating 
parts. In mass production, where mating parts must be interchange¬ 
able, unilateral tolerances should always be used. 

« 

MEASURING INSTRUMENTS 

f. 

Standard of Moatnromont 

The standard of measurement in the United States is the meter. 
This standard, adopted by Ckmgress in 1866, has reference to the 
international meter at the International Bureau of Weights and 
Measures at Sevres, France. Our legal yard is defined as of 

the length of the meter at a temperature ot 68 F, from which 1 meter 
is equal to 39.S7 inches. The British standard yard is slightly dif¬ 
ferent, 1 meter being equal to 39.370113 inches. An inch under this 
system is equal to about 25.39998 mm, whereas the United States 
inch is equal to about 25.40005 mm. Although this difference does 
not seon to be of any great importance in ordinary shopwork, it is 
noticeable in accurate measurements. In 1933 these values were 
changed in both countries to permit the use of a uniform ratio: 1 inch 
equals 25.4 mm.s This change makes it possible to convert readily 

*AiMriaiii StcMlsrd B4|.I»I433, inck-Mlllimuhr Coiivcnloii hr MaahkI Vm, and 
Iritbli Standard BS380-I930, Coavardba TMm, 
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IrcHn one system to the other and eliminates any possible confusion. 

Hie standard of angular measurement is the degree which is ob¬ 
tained by dividing a circle into 360 parts. A degree is further divided 
into 60 minutes, and each minute is divided into 60 seconds. This 
standard of measurement is universal. 

CkiitHIcotion of Moasvring lasfrumonts 

A measuring instrument is any device that may be used to obtain a 
dimensional or angular measurement. Some instruments, such as a 
steel rule, may be read directly; others, like the caliper, are used for 
transferring or comparing dimensions. Also, various principles arc 
employed in obtaining measurements. A micrometer, for example, 
utilizes a different principle from a steel rule or a vernier caliper. 
Here are a number of the common measuring instruments listed 
according to use: 


Measuring Instruments 


1. Linear measurement 

(a) Steel rule 

(b) Micrometer 

(c) Vernier caliper 

(d) Depth gage 

(e) Vernier height gage 
(/) Calipers 

(g) Dividers 

(h) Telescopic gages 

(i) Combination square 

(f) Measuring machine: 

(1) Mechanical 

(2) Optical 


2. Angular measurement 

(a) Adjustable bevel 

(b) Bevel protractor 

(c) Sine bar 

(d) $(}uarc 

(e) Angle gage blcxrks 
(/)• Dividing head 

Plane-surface measurement 

(a/ l,evel 

(b) .Straight edge 

(c) Surface gage 

(d) Profilometer 

(e) Optical flat 


Lineor MMsurlng lnstrum«iitf 

Kill*. The most common measuring device in the shop is the steel 
rufe—made of tempered steel, carefully ground, and accurately grad¬ 
uated on both sides. Usually one side is graduated in eighths and 
sixteenths and the other in thirty-seconds and sixty-fourths, although 
numerous other graduations in both metric and English systems arc 
used. This tool is very satisfactory for rough machine work, layout 
work, checking dimensions, and many other shop applications. 
Mechanics with considerable skill and experience can attain a high 
degree of accuracy in measuring with a rule and calipers. 

Combhaflon m#. A combination set (see Figure 4) consists of a 
steel rule or blade on which is mounted a square head, a center head. 
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and a bevel protractor. Although a set includes all three accessories, 
only one is used at a time. With the square head mounted on the 
blade, it serves as both try and miter squares; and it can be adjusted 



Rg. 4. Combination sot including square, cantor head, protractor, and scale. (Cour* 
tesy The Lufkin Rule Company.) 

to be used as a marking gage. Placing it on the end converts the tool 
into a height gage. The head alone may be used as a level. When 

the center head is mounted on the blade, 
^ centers of all cylindrical work can be 
determined. The bevel protractor, used 
in connection with the blade, permits 
* the measurement, layout, and checking 
of angles. 

Depth gag*. As shown in Figure 
5, narrow steel scales are frequently 
mounted in a head which has a straight 
edge at right angles to the scale. This 
forms a depth gage, with a scale that can 
be adjusted and clamped so as to extend 
a given amount below the straight edge. 
Similar gages are made with micrometer 
adjustments. 

Coffptr* The caliper is used for 
Rg. 5. RuU dspth gcgs. approximate measurements, both ex< 

ternal and internal. It does not meas¬ 
ure directly, but must be set to size, with a steel rule or some form of 
gage being used. Most shop calipers, known as spring caliperst con- 
sbt of two legs with a flat spring head plus a nut and screw to hold 
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than in position. The legs on outside calipers curve outward so that 
the caliper may pass over cylindrical work, while on inside calipers 
the legs are straight with the ends turned outward. Hermaphrodite 
calipers are used principally for locating centers and layout work. 
Th^ have one leg similar to the leg on an outside caliper while the 
other is a straight point. In layout work the curved leg rests against 
the edge of the work while the other leg is used as a scriber. 



Enlabged Detail 


Rg. 4. Mlcrom«t«r wifh #fil<rg9d v!«w showing groduofions. 

I 

Dhftdnr, A divider is similar in construction to a caliper except 
that both legs are straight v.'ith sharp halrdened points at the end. 
This tool is used for transferring dimensions, scribing circles, and 
doing general layout work. 

hdhrommtnr eallpur. The micrometer is used for quick, accurate 
measurements to th(t thousandth part of an inch. This tool illus¬ 
trates the use of an accurate screw thread as a means of obtaining a 
measurement. The screw is attached to a spindle and is turned by 
movement of a thimble at the end. The barrel, which is atuched to 
the frame, acts as a nut to engage the screw threads, which are very 
accurately made with a flitch of 40 threads per inch. Each revolution 
of the thimble advances the screw of an inch, or 0.025 inch. 
The outside of the barrel is graduat^ in 40 divisions, and any 
movement of the thimble down the barrel can be read next to, its 
beveled end. When the spindle is in contact with the anvil on a 
1-inch micrometer, the zero readings on barrel and thimble should 
coincide. 

The scale on the barrel and thimble edge can best be understood 
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by reference to the enlai;ged view of Figure & On the beveled e%e 
of the thimble are 25 divisions, each division representing 0.001 inch. 
To read the micrometer, the division on the thimble coinddii^ with 
the line on the barrel is added to the* number of exposed divisions on 



PI 9 . 7. Sup«nnieromet«r for accurate maasuremanti up to 0.0001 Inch. (Courtosy 
Natt & Whitnay—Divhien N!ia**Bomant-Pond Company.) 


the barrel, converted into thousandths. Thus, the reading shown in 
Figure 6 is made up of 0.200 plus 0.025 on the barrel, or 0.225 inch, 
to which is added 0.016 on the thimble to give a total reading of 
0.241 inch. 

Since a micrometer reads only over a 1-inch range, in order to cover 
a wide range of dimensions several micrometers are necessary. The 
micrometer principle of measurement is also applied to inside meas¬ 
urements and depth reading, and to the measurements of screw 
threads. 

For accurate shop measurements to 0.0001 inch a supermiermneter, 
as shown in Figure 7, may be used. This machine is set to correct 
size by precision-gage blocks, and readings may be made directly frcMn 
the dial on the headstock. Constant prmure is maintained <hi all 
objects being measured. Standard measuring machines are nmilar 
in appearance but may be read to an accuracy of 0.00001 inch. 
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Dli^ readings are obtained by electrolimit pressure control on the 
tailstock. 

¥mnil9r caffpor. In Figure 8 is shown a vernier caliper, which 
may be used for taking both inside and outside measurements over 
a wide range of dimensions. It consists of a main scale graduated 
in inches and an auxiliary scale having 25 divisions. Each inch on 
the main scale is divided into tenths and each tenth into four divi* 



25 Dtv. * 24 Dtif. On Scale 
MeASuecs To •OOt 

Rg. S. V«nii»r ealipsr and anlargad^viaw (hewing (cala. 

sions, SO that in all there are 40 divisions (each 0.025 inch) to the 
inch. The 25 divisions on the auxiliary*or sliding scale correspond 
to the length of 24 divisions on the main scale and are etjual to =*^40 
of an inch. One division would be equal to ^5 times 
*^000 inch, which is Vi 000 ^ division on the main 

scale. Hence, if the two scales were on zero readings, the first two 
lines would be 0.001 inch apart, the tenth lines 0.010 inch apart, 
and so on. 

In actual use, the reading on the main scale is first observed and 
converted into thousandths, and to this figure is added the reading on 
the vernier. The vernier reading is obtained by noting which line 
coincides with a line on the main scale. If it is the fifteenth line, 
0.015 inch is added to the main scale. These scales are shown in 
some detail in the enlarged view of the vernier scale. As shown, 
the vernier reads exactly 0.400 inch. 

Outside measurements are taken with the work between the jaws; 
inside measurements with the work over the ends of the two jaws. 
This method of measurement is not so rapid as a micrometer but 
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has the advantage of having a wider range with equal accumcy. 
It also has some use on protractors for angular measurement. 

¥»nhr height gogm. An application of the vernier scale to a 
height gage is shown in Figure 9. This tool differs from a vernier 



Fig. 9. V*riii«r htight g«g«. 


caliper in that it rests on a heavy base 
and has a beveled fx>inter on the movable 
jaw. In using this instrument the work 
is placed on a surface plate, and distances 
are measured above this reference eleva- 



Fig. 10. T*lMeopie gag*. 


tion. The reading of the scale is identical with that of a vernier cali* 
per. This measuring tool is used principally for accurate measure¬ 
ments and scribing lines in layout work. 

Tofeseopic goge. The telescopic gage, shown in Figure 10, is 
used for measuring the inUde size of slots or holes. This is much 
quicker than other methods. The gage consists of a handle and two 
plungers, one telescoping into the other and both under spring ten¬ 
sion. The plungers may be locked in any position by the khurled 
screw at the end of the handle. In using the telescopic gage, the 
plungers are first compressed and locked in position. Next, the 
plunger end is inserted into the hole and the screw released, allow¬ 
ing the plungers to expand to the hole size. Finally, the plungers 
are locked in place and removed, after which the overall length of 
the plungers is measured with an outside micrometer. 

Toofmokors* microscopo. Because of their extreme accuracy and 
ability to measure parts without pressure or contact, numerous 
optical instruments have been devised for inspecting and measuring. 
A microscope for toolroom work is shown in Figure 11. An ob*' 
ject viewed is greatly enlarged, and the image is not reversed as in 
the ordinary microscope. To be measured, a part is first clamped in 
proper position on the cross-slide stage. The microsc»>pe is focused 
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and die part to be measured brought tinder the crossline seen in the 
microscope. The micrometer screw is tlien turned until the other 
extremity is under the crossline, the dimension being obtained from 



R 9 . II. Teolmalicr't micreteop* with c«nt*ring staa* «nd itiumlnater. (CeurtMy 
(•inch ft Lamb Optical Company.) 

the difference in the two readings. The micrometer screws ofierate 
in either direction and read to an accuracy of 0.0001 inch. In the 
illustration the microscope is shown with a screw-measuring attach* 
ment in position for checking the lead of the saew. 

Angular Maaftarammft 

As [meviously suted, the basic unit of angular measurement is the 
degree* This unit is defined as the angle formed by two radii 
subtending an arc of the circumference of a circle. Although 
degrees may be further subdivided by fractions, the usual smaller 
subdivisions are minutes and seconds. Coonmon angular measuring 
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instruments read the degrees directly frcnn a circular scale scribed on 
the dial or circumference. There are also devices that require the 
aid of other measuring instruments and calculations to obtain the 
result. Some few, such as the ordinM7 square, measure only a single 
angle and are not adjustable. Fixed instruments of this type are 
more correctly classified as gages. 



Pig. 12. V»rn]«r b*v«l protractor. 

Bovof protractor. The plain or universal bevel protractor meas¬ 
ures directly in degrees and is adapted to all classes of work where 
angles are to be laid out or established. The universal protractor, 
shown in Figure 12, is graduated in degrees and, in addition, is pro¬ 
vided with a vernier scale for fine measurements. Protractors ordi¬ 
narily read to 5 minutes of one-twelfth of a degree. 

AdfoMtablo bovol. An instrument known as an adjustable bevel or 
a bevel gage is widely used for checking or transferring angles. This 
tool consists ol two blades, which can be set and locked in relation 
to each other. No direct reading is obtained, and the angle must be 
set or checked from some other angular measuring device. 

Stoo bar, A sine bar is a simple device used either for accurately 
measuring angles or for locating work to a given angle. Mounted 
on the center line are two buttons of the same diameter and at a 
known distance apart, the distance on most sine bars being either 
5 or 10 inches. For purposes of accurate measurement the bar must 
be used in connection with a true surface. 

^ The operation of the sine bar is based on the trigonometric rela¬ 
tionship that the sine of an angle is equal to the opposite side divided 
by tlie hypotenuse. Hence, if the hypotenuse is known, the angle 
may be determined by measuring the height of die opposite side, 
dividing it by the known figure, and referring to trigonometric tables. 
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Measorement of the unknown side is accomplished by die lue of a 
height gage or precision blocks. 

In Figure 13 is shown a sine bar set to check the angle on the end 
of a machined part. In this case 


Sine 9 = 



L 


where L is a known distance, either 5 or 10 inches, depending on 
the size bar used. The heights h-^ and h.^ are built up to correct 
amounts with precision gage blocks, and their difference in elevation 
over L gives the sine of the angle $ being checked. 



When work is set up to be machined at a given angle, the operauon 
is reversed. The bar is then set at the proper angle, which in turn 
acts as a gage to.position the work correctly. Various designs of the 
sine bar have been worked out, but the method of measuring the 
angle is the same in all cases. 

AitffI* gogo blocks* A quick and convenient means of measuring 
angles is by means of angle gage blocks made with the usual accuracy 
of standard gage blocks. A set of 16 angle blocks will permit the 
measuring of some 356,400 angles in steps of one second. In Fig¬ 
ure 14 is shown a revolving magnetic chuck being set to an angle of 
38 degrees. Three blocks are assembled with a parallel, and an 
indicator is used to tell if the setting is correct. Such an operation 
can be quickly performed and does not require the calculation 
necessary when a sine bar is used. 
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DhfUlBf ktatft. Index or dividing heads were originally (te> 
veloped for use on milling machines, but their use has been extended 
to inspection work for checking angles about a common center. The 
head is made up of a worm and Worm-gear set having a ratio of 
40 to 1. Hence, one turn of the crank will turn the spindle one* 



Fig. 14, AngU gtgt bleclt usmI to lot univonol mognotic chuck to o praciio doiirod 
angle. (Courtaiy Wobbar Gago*Cofflpany.) 


fortieth of a revolution or 9 degrees. By using index plates with the 
head, a desired angle can be obtained with close accuracy. The opera* 
tion of this device is discussed in the chapter on milling machines. 
For inspectional work it is used in connection with a surface plate 
for checking parts already machined. 

Surfae* MtaturtmanH 

Surface checking instruments are for the purpose of obtaining 
some measure of the accuracy of a surface or the condition of a 
finish. Much of this type of work is done on a flat, accurately 
machined casting known as a surface plate. It is the base upon 
which parts are laid out and checked with the aid of other measuring 
tools. These plates are very carefully made and should be accurate 
to within 0.001 inch from the mean plane any place on the surface. 
Small plates, known as toolmakers' flats, are lapp^ to a much greater 
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degree of accuracy. Their field of application is limited to small 
parts, and in most cases they are used with precision gage blocks. 

Sfrolghfodf*. This tool is a bar of steel having either one or 
two straight edges. It is used for the inspection of surfaces for 
straightness, checking flat surfaces before straightening, and for ac¬ 
curately scribing straight lines. The ordinary shape is rectangular, 
but for accurate work one edge is beveled or formed into a knife 
edge. When one is working to a close tolerance, a feeler gage should 
be used to check the surface variations. 

Swfoeo gag*. The surface gage, 
shown in Figure 15. is used to check the 
accuracy or parallelism of surfaces and, in 
addition, finds much use in layout work 
and in transferring measurements by 
scribing them on a vertical surface. 

When in use, it is set in approximate 
position and locked.* Fine adjustment of 
thcf spindle can be made by turning the 
knurled nut which controls the rocking 
bracket. When used with the scriber, it 
is a line-measuring or locating instru¬ 
ment. If the scriber is replaced by a dial 
indicator, it then becomes a precision in¬ 
strument for checking surfaces. 

Optical Hat. Measurements to the 
millionth part of an inch are made by* 
interferometry, the science of measuring 
with light waves. Measurement by this 
principle is made with a small instrument 
known as an optiraj flat Optical flats , 5 , 
are usually made from natural quartz be- t«,y Th* Lufkin Rul* Company.) 
cause of its hardness, low coeflicient of 

expansion, and resistance to corrosion. They are flat lenses having 
very accurately polished surfaces with light-transmitting quality. 
The usual optical-flat set consists of two lenses 2 inches in diameter 
and % inch thick, although they may be obtained in various sizes 
and shapes up to 5 inches. It is not necessary that the two surfaces of 
a flat be absolutely parallel. A light having a single color (mono¬ 
chromatic light) is used, because it gives interference bands that are 
complete and dark in color. 

One of the common uses for optical flats is the testing of plane 
surfaces. The optical flat is placed on the flat surface to be tested. 
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and light is reflected both from the optical flat and the surface being 
tested through the very thin layer of air between the two surfaces. 
If the thickness of the air layer measures one half a wavelength of 
lig^t or more an interference effect occurs. The interference be* 
tween the rays reflected from the bottom of the flat and from the 
top of the work causes dark bands (Newton’s rings) or areas to 



Fig. IS. Th« siratgkl Int*rf«nine* 
fringw shown by this optical flat indieato 
that tho gaga block is flat. (Courtasy 
Pratt it Whitnay—Division Nitas- 
Bamsnt-Pond Company.) « 



Fig. 17. Illustrating mathod of 
maasuring a sphara using an 
optical flat and gaga block 


appear. If the surface is irregular, the appearance is similar to a 
contour map. The position and number of lines show the location 
and extent of the irregularities. When bands are straight, evenly 
spaced, and parallel to the line of contact as shown in Figure 16. 
the surface is perfectly flat. Since we know the wavelength of the 
light source, any deviation from this pattern indicates an ernn* in 
the surface, the amount of which can be measured. For ordinary 
daylight, the difference between bands is ten'millionths of an in<h 
(one-half wavelength). Fluorescent helitun light, which is often 
used, has a separation in one-half wavelengths equal to 11.6 mil¬ 
lionths of an inch. 

When used for comparison measurements, diffe r e n ces in height 
from a master block can be determined by the number of interfer¬ 
ence lines. In Figure 17 are shown two optical flats, being used in 
conneaion with a gage block of known size to check the height of 
a steel ball. The gage block is wrung to the lower flat and the 
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Upper fiat is placed on top with the ball in position. The position 
of the two may be controlled by fitting a cardboard template over 
them. If the parts are not the same size, the upper flat will be 
tilted sightly, and parallel interference lines will appear on the 
top surface of the gage block. The difference in height can be de¬ 
termined from the number of bands that appear and may be 
calculated by the following formula: 

H- 11.6 XN X (L/W) 

where N — number of bands appearing on width of block. 

L = distance between contact points. 

W — width of precision block, 

11.6 0.0000116 millionths of an inch. 

Sarfaem rouglmofi. Several devices have been developed that 
have as their purpose the measurement of surface roughness. The 
need for some measurement of surface finish for various machining 
operations is brought about by the necessity of having smooth bear¬ 
ing surfaces in high-speed machinery. In order that surface rough¬ 
ness can be measured or specified, special measuring instruments 
have been devised using the microinch (0.000001) as the unit oi 
measurement. The simplest procedure is a visual comparison with 
some established standard. Other mediods include microscopic 
comparison, direct measurement of scratch depth by light interfer¬ 
ence, and the measurement of the magnified shadows cast by scratches 
of a surface. The usual procedure is to employ a diamond stylus 
to trace over the surface teing investigated and record a magnified 
profile of the irregularities. This procedure for measuring roughne.ss 
Is used by both the profilometer and the brush surface analyzer. 

In order to measure roughness and other surface characteristics it 
was first necessary to establish certain standards for measuring. Such 
a standard has been developed by the American Standards A.ss(x ia- 
tion (ASA B46.1-1955) which deals with those surface irregularities 
as height, width, and direction of the surface pattern. These sur¬ 
face Ijrregularities are siiown in Figure 18 and above the figure is 
given the symbol for specifying surface roughness on a drawing. 

One type of instrument, the profilometer, used in making surface 
roughness measurements is shown in Figure 19. This is a direct read¬ 
ing instrument which measures average roughness height in micro- 
inches by passing a fine tracing point over the surface. The unit 
consists of a tracer which converts the vertical movements of the 
tracing point into a small fluctuating voltage that is related to the 
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0.002>2 /-Roughness 
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Fig. 18. Surface eharaetariftics and symbols for indicating thoir masimuffl values. 
(From ASA B46.I-I955, Tho Amorlean Society of Mechanical Engineers.! 




Rg. 19. Profilometer set up for measuring roughness of production parts lllliig 
Metetrace and tracer. (Courtesy Micrometrical Manufacturing Company.) 
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height of the surfoce irregularity; a motor*driven device (motoirace) 
for operating the tracer, and the amplimeter. The amplimeter re¬ 
ceives the voltage from the tracer, amplifies and integrates it, so 
that it may be read directly on the micro-inch meter or put in curve 
form on a recorder. The process is a continuous one, and the in¬ 
strument shows the variation in average roughness from a reference 
line as illustrated in the magnified profile of a surface in Figure 20. 
Readings may be either arithmetical or root-mean-square (rms) 



Fig. 20. The r*l«tionih^ btfwMn «rittiin«tic avareg* and mu valuas utad in datar* 
mining surfaea raughnatt. 

average deviation height from the reference line CD. The difference 
in result of the two methods of calculation are indicated in the ex¬ 
ample worked out in connection with the figure. 7'he rms average 
is to be preferred as it gives more weight to the larger deviations 
from the reference line and is slightly larger than the arithmetical 
average. The profilometer or other surface analyzing instruments 
may be operated either manually or mechanically, and readings can 
be taken on both plain and curved surfaces. Surface roughnesses 
avaifable by common production methods are indicated in Figure 21. 

Production work requires speed as well as accuracy in measuring 
parts. Measuring instruments, such as those just described, can be 
used for this type of work, but many of them are more elaborate 
than necessary and require adjustments for each individual reading. 
Consequently, they are used only on short-run jobs where the expense 
of fixed gaging equipment is unwarranted. To attain the quick 
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measurements required in production work, a measuring devi(% that 
has a fixed shape or size is used. It represents a standard with which 
the manufactured paru are compared. Since its use is limited to one 
dimension and no adjustments are required, the operation of inspect* 
ing a part requires a minimum of time. Much gaging is done by 
operators in the shop while their equipment is in operation, with no 
loss of production time. 
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ClassMcatien of Gogos 

Numerous kinds of gages are used, varying widely in shape and size. 
Gages are classified, by the Ordnance Department of the Army and 
many industries as well, as inspection gages and manufacturing gages. 
Inspection gages are those used by inspectors in the &nal acceptance 
of the product. They are to insure that the product is made in 
accordance with the tolerance specification on the working blue¬ 
prints. Manufacturing or working gages are those used by the ma¬ 
chine operators in the actual production of parts. These gages are 
frequently made to slightly smaller tolerances than the inspection 
gages, the idea being to keep the size near the center of the limit 
tolerance. Parts, then, made around limit sizes may still pass the 
inspector’s gage. In addition to these, a third type of gage, known as 
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a master gage, is sometimes used. Such a gage is merely a reference 
gage with which inspection gages are periodically compared. Most 
industries have abandoned this type of gage and have adopted pre¬ 
cision measuring instruments and methods. The equipment used 
consists of such tools as precision-gage blocks, measuring machines, 
optical flats, microscopes, and projecting equipment. 

The following gages represent those most commonly used in pro¬ 
duction work. The classification is principally according to the shape 
or purpose for which each is used. A complete classification would 
require more subdivisions under the various headings. 


Gages 

1. Plug 

2. Ring 

S. Snap 

4. Length 

5. Form 

(а) Screw thread 

(б) Fillet 

(c) Center 

(d) Drill point 

(e) Angle 

Gag* moteriols 

The true value of a gage is measured by its accuracy and service 
life, which, in turn, depends on the workmanship and materials 
used in its manufacture. Since all gages are continually subject 
to abrasive wear while in use, the selection of the proper material 
is of great importance. High-carbon and alloy tool steels have 
been the principal materials used for many years. These mate¬ 
rials can be accuratelv machined to shape, and they respond readily to 
heat-treating operations which increase their hardness and abrasive 
resistance. Objections to steel gages are that they are subject to some 
distortion because of the heat-treating operation and that their surface 
hardness is limited. 

These objections are largely overcome by the use of chrome plating 
or cemented carbides as the surface material. Chrome plating per¬ 
mits the use of steels having inert qualities, since wear resistance is 
obtained by the hard chromium surface. This process also is widely 
used in the reclaiming of worn gages. Cemented carbides, applied 
on metal shanks by powder-metallurgy technique, provide the hardest 


(/} Gear tooth 

(g) Special contour, etc. 

6. Thickness 

(а) Precision gage blocks 

(б) Feeler 
(c) Wire, etc. 

7. Indicating 

8. Air-operated 

9. Projecting 
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wearing surface obtainable. Although the cost is several times that 
of a steel gage« their life is much greater, and the additional colt is 
more than justified. 

DtteripfiM of GoGta 

Plug gagut, A plain plug gage is an accurate cylinder used as an 
internal gage for the size control of holes. It is provided with a 
suitable handle for holding and is made in a variety of styles. These 



Hg. 22. Plug<typ« "Go—Not-Go" gogot. (Courtoiy Toff Poireo Moniifochirlng 
Cempony.) 

gages may be either single- or double-ended, as shown in Figure 22. 
Double-ended, plain gages have "go" and "not-go" members assembled 
on opposite ends, whereas progressive gages have both gaging sections 
combined on one end. 

Three separate designs have been recommended for adoption by 
the American Standards Association.^ One is known as the taper- 
lock design and is the same as those shown in Figure 22. This design 
applies to all gages from 0.059 inch to and including 1.510 inches. 
For diameters varying from 1.510 to 8.010 inches, the trilock design 
with reversible gaging members is used. This gage has three wedge- 
shaped prongs on the handle which are forced into three locking 

*CemnMre{at SUndard CSi-41, Am«rle«n G«g« Dciign CommIftM, NctlmMl iHfMH 
of SfandMds. 
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grooves in the gaging qrlinder by means of a through screw. When 
it becomes worn the cylinder may be reversed, thus prolonging the 
life of the gage. Large gages, ranging from 8.101 to 12-010 inches, 
are made in the form of a rim with reinforcing web. Holes are 
drilled and tapped in the web to receive two ball handles. The 
annular design has proved satisfactory for large gages, because they 
are light in weight and easily handled. These same designs are 
recommended for thread, taper, and speciahform plug gages. 



Rg. 23. Plain ring gagas. (Courtasy Shaffiald Gaga Corporation.) 

a 

Ming gag9i. Plain ring gages are standardized in construe* 
tion and general proportion. 'I'he thr^e shown in Figure 23 are 
typical of gages up to 1.510 inches. A plain, knurled surface indi¬ 
cates a “go” gage, whereas a "not-go" gage is identified by an annular 
groove on the periphery. Above 1.510 inches all gages are flanged 
to reduce weight and facilitate handling. Large gages are provided 
with ball handles. Details of construction, with dimensions of all 
sizes, have been worked out by the Standards Committee. 

Taper gogas* Taper gages are made in both the plug and ring 
styles and, in general, follow the same standard construction as plain 
and ring gages. Two 'taper plug gages are shown in Figure 24. 
Taper gages are not dimensional gages but rather a means of check¬ 
ing in terms of degrees or inches per foot. Their use in testing 
is a matter of fitting rather than of measuring. If size is involved, 
“go” and ”not*go” tolerances are indicated on the end of the gage by 
grooves or by milling off a fiortion of the gage. This type of gage is 
widely used in checking the standard tapers and sockets used on 
tools and production machines. 
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TftrGGif fOffGi. In Figure 25 are shown standard plug and ring 
gages for inspecting threads. Both these gages are standardized with 
size variations in the same manner as provided for plain plug and 




Rg. 24. Special taper plug geges. fCeurtesy Teft Peirce Menufeeturing Ctepeny.} 

ring gages. Double-ended plug gages have the “go” and “not-go” 
feature according to the tolerances desired. All ring gages are of the 
adjustable type, as shown in the figure, with effective means for lock¬ 
ing the adjusting screw in position. This feature is desirable, as it 
is very difficult to measure internal threads accurately in a blank 



Rg. 26. Hiread ring end plug gege. (Courtesy Pratt & Whitney—Divhlen Ntles> 
Bement-Pend Company.) 

during its manufacture. After completion, they are set to correct size 
by means of a threaded plug of exact dimensions. 

A simple method of approximate checking of the pitch of screws is 
by means of a small screw-pitch gage made up of a consecutive num- 
of blades, each having a profile of one standard pitcii thread. 
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A quick-acting indicating device for checking threads is shown in 
Figure 26. Initially the dial is set at zero with a standard threaded 
plug, and subsequent readings indicate any deviation from the 
original setting. In operation, the upper roll is raised by depressing 
a lever, and the work piece is 
placed between the three rolls. 

Errors in lead, angle, and 
pitch diameter are read cu¬ 
mulatively on the dial. 

Sndp foges. A snap gage, 
used in the measurement of 
plain external dimensions, 
consists of a U-shaped frame 
having jaws equipped with 
suitable gaging surfaces. A 
plain gage has two parallel 
jaws or anvils which are made 
to some standard size and can¬ 
not be adjusted. This type 
of gage is largely being re¬ 
placed by adjustable gages to 

provide means of changing r, Tri.»ll tivMd (&»«. 

tolerance settings or adjust- t*sy Pratt & Whitnay—Division NIios-Bomont- 
ing for wear. Most gages are Pond CompAy.) 
provided with the “go" and 

“not-go" feature in a single jaw, and this Resign is both satisfactory 
and rapid. A wide variety of snap gages has been developed by vari¬ 
ous companies, although it is recognized that some disadvantage 
results from this lack of standardization. Four types, standardized 
by the American Gage Design Committee, are: 

Model A Employing 4 gaging pins. 

Model B Employing 4 gaging buttons, either square or round. 

Model C Employing 2 gaging buttons, either square or round, 
and a single block anvil. 

Model MC A miniature snap gage with 2 gaging buttons, either 
square or round, and a single block anvil. < 

The model-B gage is shown in Figure 27, and the model-C is shown 
in Figure 28. Model-A gages are similar to the model-B design, 
except that straight pins are used in place of buttons as the gaging 
members. The model-MC is similar to the model-C gage, except that 



* Co m mar c hl Standard CS0-4I. 
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it is in miniature and is used only in gaging diameters up to 0.760 
inch. 

The general design shown in Figures 27 and 28 has been selected 
because it incorporates most of the advantages of all similar gages 



Rg. 21. Snap gag* *qu1pp*<t 
wUh fquar* buHoM (AGO 
Medal C). (BeHi pketes 
ceurtaty Taft Raire* Manu' 
faeturing Company.) 

now in use. It is light in weight, suihciently rigid, easy to adjust, and 
provided with suitable locking means, and is designed to permit inter* 
changeability of as many of the parts as possible. 

PfMifloii gog# Uoekt* These blocks, of hardened steel, are 
square or rectangular in shape, having two parallel sides very accu¬ 
rately lapped to some size. Blocks up to 1 inch are made to size 
within five* to eight*millionths of an inch per block and per inch 
of length on larger blocks. Laboratory sets may be obtained with a 
guaranteed accuracy within two-millionths of an inch per block. 
These blocks are used mainly for reference in setting gages, for 
accurate measurements in tool, gage, and die manufacture, and as 


Rg. 27. Ad}uit*bl**typ* sn«p g*g* (AGD 
Mod*l I). 
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master laboratory standards for control of measurement in manu* 
factoring. 

In Figure 29 is showm a set of 81 gage blocks which include the 
following: 


One ten-thousandth series 
One thousandth series 
Fifty thousandths series 
Inch series 


0.1001-0.1009 in., inclusive 9 blocks 
0.101 -0.149 in., inclusive 49 blocks 
0.050 -0.950 in., inclusive |9 blocks 
1.000 -4.000 in., inclusive 4 blocks 



Rg. 29. Sat of 81 procision gago bleeki. (Courtasy Taf* Pairea Manufacturing 
Company.) 

With this set it possible to obtain practically any dimension in 
increments of 0.0001 inch from 0.100 to over 10 inches by combining 
blocks of the proper size. 

Precision gage blocks are assembled by a wringing process. The 
blocks must first be thoroughly cleaned. One is placed on the other 
centrally and oscillated 'slightly. It is then slid partially out of en¬ 
gagement, and they are wrung together under slight pressure. A 
slight liquid film between the surfaces of the gages causes them to 
adhere firmly. Gage blocks put together in this fashion should not 
be so assembled for more than a few hours. 

Many interesting applications of gage blocks can be made with 
the aid of special holders and base blocks. The holders secure the 
blocks in one rigid accurate unit for such uses as height gages, snap 
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gages, etc Built-up gages of this type can be assembled quiddy for 
accurate inspection of short-run jobs. 

TktekaMi or foolor §o§o. This gage consists of a number of thin 
blades which are held together in a thin case. The blades usually 
vary in thickness from 0.001 to 0.015 inch but may be obtained in 



Hg. 30. Dial Indicating gaga witli parmanant-magnat bate. (Courtney Brown $ 
Sharpa Manufacturing Company.) 

any thickness range. They are used in checking clearances and for 
gaging in narrow places. 

Dial latfieofor. A dial indicator is composed of a graduated dial 
{laving a hand connected to a test point with suitable means for 
supporting or clamping it firmly. The dial is graduated in thou¬ 
sandths of an inch, the number depending on the accuracy desired. 
Most indicators have a spindle travel equal to 2% revolutions of the 
hand. Between the test point and the hand is interposed an accurate 
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multiplying medianism which greatly magnifies on the dial any 
movement of the point. This tool may be considered either a measur¬ 
ing device or a gage. As a measuring device, it is used to measure 
inaccuracies in alignment, eccentricity, and deviations on surfaces 
supposed to be parallel. In gaging work, it gives a direct reading of 
tolerance variations from the 
exact size. 

A dial test indicator equipped 
with a permanent-magnet base is 
shown in Figure .^0. This base 
operates in the same fashion as 
the permanent-magnet chuck de¬ 
scribed on page 589. With the 
handle in the base turned to^'the 
"on” position, the indicator is 
held securely on the horizontal, 
vertical, or overhead, flat surface 
of any machine. Other methods 
of support are a suitable clamp 
or a'heavy base as used on a sur¬ 
face gage. 

Cempororor or visual gage. 

A visual gage giving direct plus 
or minus readings to close toler¬ 
ance is shown in Figure 31. This 
gage employs a feed mechanism 
in connection with a light beam 
to obtain high magnification of 
any movement of the gaging 
point. The magnification in this 
instrument is 5000 to 1, and the 
range on the 5-inch scale is only 
0.001 inch. Each graduation on the scale represents 0.000025 inch. 
This gage is used for checking inspection gages and for toolroom 
work, as well as for routine production work requiring close size 
control. 

»ProloeHng eomparofon. Projecting comparators are designed 
on the same principle as the ordinary projection lantern. An image 
is placed before a light source, and the shadow of the profile is pro¬ 
jected on the screen at some enlarged scale. Usual magnifications 
are X 20 and x50, although others up to x 100 can be used. 

The path of light in a dilterent type of projector is shown 
diagrammatically in Figure 32. The object to te inspected is sup- 



Fig. 31. Visual gaga, amptificatien 
SOOO to I. (Courtosy Tha Shaffialdl 
Corporation.) 
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ported at 6 in the figure, and, as the light beam passes by the con¬ 
tour of the object, it enters the projection lens at 7 and is reflected 
to the screen. Contour inspection is of great value in processing 



Fig. 32. Path of light in Bausch and Lomb contour maaturing projaetor. {Courtesy 
Bauich & Lomb Optical Company.) 

many tools, dies, gages, and formed products. It is employed in the 
inspection of many small parts such as needles, saw teeth, threads, 
forming tools, taps, and gear teeth. Since it checks work to definite 
tolerances, it can be used for studying wear on tools or distortion 
caused by heat treatment. Its limitations are based on the size of 
tlie object and the number of magnifications required. 
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fOftt. In quantity production 
it is frequently advisable to check 
a number of dimensions simul¬ 
taneously. This can be done both 
accurately and rapidly by means 
of specially constructed contact 
gages. Each dimension to be 
checked is provided with pairs of 
red and green lights which tell 
the operator whether the dimen¬ 
sion is below or above the speci¬ 
fied tolerance. Such a gage is 
made up for simultaneous check¬ 
ing of a number of dimensions. 
The part being checked is within 
the tolerance if all red and green 
lights go out. Master parts are 
used for setting the gage to the 
correct limits for the dimension 
in question. Multiple-type gages, 
operating electrically, with air, 
or mechanically, are widely used 
for the economical inspection of 
many parts. 

Air gof*s. Gaging with the 
aid of compressed air is accom¬ 
plished by either measuring the 
back pressure of the air as it 
comes out of the gage or metering 
its flow. A dial-type machine, 
using the latter principle for 
air-ga^g holes, is shown in Fig- 



Typical air spindia for intarnal eliaelting. 



Fig. 33. Column-fypa Praeitionaira for 
air-gaging holai. (Caurlaty Tha Shaf- 
fiald Corporation.) 


ure 33. The air spindle, shown 

above, has two small, dfametrically opposed holes through which the 
air flows. The amount of air flow is controlled by the size of the 


spaces between the air spindle and the work. This change in flow 
is registered on the dial which is calibrated to read in fractions 
of a thousandth of an inch. The relationship between the rate of 
flow and the size of hole is true only for small clearances, and the 
maximum range is around 0.003 inch. High amplification permits 
reading in fractions of a tenth of a thousandth if very accurate read¬ 


ings are necessary. 
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• Gages of this kind can be used for both internal and external 
checking, and, if desired, multiple checking of several dimensions can 
be done simultaneously. Advantages claimed for this type of gaging 
include low wear on gaging spindle, quick indication of true measure¬ 
ment, and little skill required for the operation of the instrument. 
In addition, air gages will also reveal taper, out-of-round, and tool 
gouges, which are difficult to detect with the usual plug gage. 

Stotlafical Quolify Ceafrol 

The statistical approach to inspection utilizes a sampling pro¬ 
cedure rather than a 100% inspection, which would be slow and 
costly and in the end would not completely eliminate all defective 
parts. Mass inspection tends to be careless; operators become 
fatigued; and inspection gages become worn or out of adjustment. 
The risk in passing defective parts is variable and of unknown mag¬ 
nitude, whereas in a planned sampling procedure the risk can be 
calculated. 

The control chart, which is the important aid, or tool, in statistical 
quality control, is based upon the theory that variability exists in all 
repetitive processes. In any machining o})eration there is some 
variation from piece to piece which is inherent to the process or 
tooling method used. Two kinds of variations exist, those due to 
chance causes and those du^ to assipiable causes. Variations due to 
chance causes are inevitable in any process or product; those due to 
assignable causes can be eliminated. Assignable causes include such 
factors as poor lighting, imj^roper tooling, wrong material, or poorly 
trained workers. The control chart accepts the normal dispersion 
of chance variation but eliminates entirely the errors due to assignable 
causes. 

A control chart, such as the one shown in Figure $4, is made by 
plotting the inspected dimension of a part against time. Four parts 
are measured every two hours and the average dimension plotted. 
The chart then is a record of the variation of an inspected dimension 
over a period of time. Normally the data fall in random fashion 
if the assignable causes of error have been eliminated. As long as 
the data fall in this manner and within the established control limits, 
it can be assumed that the product is made correctly 99.8% of the 
time. Two out of 1000 pieces would be passed that were not 
correct. So long as the points fall between the control lines, no 
adjustment or changes are made. However, when points fall out of 
control, then the cause must be located and corrected immediately. 
On the figure it can be noted that the inaction tolerance is larger 
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than the control luniu. permitting the operator frequently to regain 
control before parts are rejected. 

If all of the dimensions taken over a long period of time were 
plotted according to the frequency with which each size appears, 
a curve similar to Figure S5 would be obtained. Since the variations 
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plotted are chance variations, the curve appears bell shaped, with 
the mode or most frequently recurring element being at the center. 
Such a curv£ is known as a normal distribution curve. The upper 
and lower control limits of a series of samplings is a geometric average 
of how far the samples deviate from their average size. This is the 
root-mean-square deviation of the observed dimensions from their 
average and is called the standard deviation. It can .be computed 
that for Hhl standard deviation about two-thirds of the occurrence 
will fall within the limits and for standard deviations, the num- 
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ber within limits is 99.8%. Experience has proved that few chance- 
caused deviations fall above or below 3 standard deviations. For 
this reason control limits are usually set at dtS standard deviations. 
Sampling size depends upon the laws of chance, and the develop¬ 
ment of a good sampling procedure involves the mathematics of 
probability. 

Statistical quality control is now widely used in the inspection of 
mass-produced parts and has reduced inspection costs materially. It 
keeps management informed as to how things are progressing and 
permits prompt remedial action to be taken when the equipment gets 
out of control. 


REVIEW QUESTIONS 


1. What is meant by interchangeable manufacture? 

2. Distinguish among free fit. snug fit, and shrink fit. 

3. Define tolerance. Why is unilateral tolerance usually specified on production 
drawings? 

4. A bearing is dimensioned at 2.750 plus 0.00S minus 0.000. The shaft which 
runs in the bearing is 2.749 plus 0.0005 minus 0.0015. What is the allowance? 

5. What is the standard of measurement in the United States? What is the 
standard relationship Irelweeii inches and millimeters? 

4 . What is a combination set? State the use of each part. 

7. How does a caliper diR^ from a divider in both construction and use? 

t. Show by sketch a micrometer reading for 0.419 inch. 

9. Explain the principle u|etl on a vernier caliper. 

10. How would you measure the lead of a small screw, using a toolmaker’s 
microscope? 

11. Explain the u.se of a telescopic gage in measuring the diameter of a hole. 

12. W'hat is the liasic unit of angular measurement? List five ways an angle 
can be measured. 

13 . A 2-inch gage hlmk is set up under one end of a 5-inch sine bar. What 
height would have to be used on the other end to check an angle of 15 degrees 
SO minutes? 

14. Explain the use of a surface plate. How does it differ from a toolmaker's 
flat? 

15. What is an optical flat, and how is it used? 

14 . If the diameter of a hole is specified as 1.875 plus 0.00S minus 0.001, what 
should be the diameters of the gaging members of a “go” and “not-go" plug gsge? 

17. What is the purpose of a projecting comparator? Is it possible to check 
for dimensional tolerance with this instrument? 

II. For what type of work are snap gages used? 

19. What use does an inspector make of gage blocks? To what degree of 
accuracy are they made? 

SO, Explain how a dial indicator may be used for either measuring or gaging. 

21. How does an air gage operate? . 
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22. How is surface roughness measured with a pn^Iometer? 

23 . Briefly discuss the procedure followed in quality control. 

24 . Explain how the height of a part can be checM with an optical flat. 
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METAL CUTTING 


In the manufacture of all products it is important that the proc¬ 
esses involved be efficient and capable of producing parts of desired 
quality. After they have been refined, metals are changed by some 
primary process to $ha|>es and sizes suitable for commercial use. 
Final products are obtained by machining these primary shapes to 
correct size. It is therefore important that metal-cutting operations 
be well understood and economical in their application. These 
operations, which produce parts of accurate dimension, include turn¬ 
ing, planing, milling, drilling, and all the other processes performed 
by machine tools. Parts are produced by removing metal in the 
form of small chips. The cutting tool which removes these chips is 
the work center for these machines. 

M«fal*Ciittiiig Tools 

The simplest form of cutting tool is the single-point tool such as 
is used in lathe and shaper work. Multiple-point cutting tools are 
merely two or more single-point tools arranged together as a unit. 
The milling cutter and broaching tool are good examples of this 
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type. The discussion in this chapter will be limited to orthc^nal, 
single-point cutting in which the cutting edge is perpendicular to 
the direction of the cut and there is no lateral flow of metal. This 
form of cutting is illustrated in 
Figure 1. In actual cutting the 
chip is severed from the work¬ 
piece by a shearing action 
across the plane AB and is 
forced up against the face of 
the tool. The deformed chip 
is in compression against the 
face of the tool, resulting in the 
development of a high fric¬ 
tional force. The work of 
making the chip must overcome both the shearing force and the fric¬ 
tional force. 

Cuffing foreut. The shearing force and the angle of the shear 
plane are definitely affected by the frictional force of the chip against 
the tool face. The frictional force, in turn, is dependent upon a 
number of factors, including the smoothness and keenness of the tool, 
whether or not a coolant is used, materials in the tool and workpiece. 



Fig. I. Scli*m«tie diagram of chip fonna- 
tion with tool cutting odgo porpondicular 
to the diraction of the cut. 



Fig. 2. Ralationship botwoan thoar angle sho and chip thieknou. 

cutting speed, and the shapte of the tool. A large frictional force 
results in a thick chip having a low shear angle, as illustrated in 
Figure 2, whereas the reverse is true if the frictional force is low. 
Most efficient cutting is dbne when the latter situation prevails, and 
a thin chip is obtained. A vectorial analysis of these forces may be 
made by measuring the forces acting on the tool with some fenrn of a 
dynamometer. 

Medianical and strain-gage dynamometers are most commonly 
used. Mechanical dynamometers measure deflection on the tool 
holder by the use of sensitive dial indicators, while flat, bonded strain 
gages, cemented to the holder, measure strain by the resistance change 
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in the gage. The latter type is more accurate and is in general use. 
To measure the resultant force on the end of a tool at least two 
principal force components must be measured using the dynamom* 
eter. The forces acting on a tool 'are indicated in Figure 5. They 
are, respectively, the longitudinal, tangential, and radial forces—all 
of which may be measured by dynamometers. In most machining 
operations the tangential force is the largest and most significant oiu; 
of the three. 



Rg. 3. Feretf •eting on ond of iotira teoi-~longitudinal, fongontiol, and rodlol. 

The magnitude of these forces is influenced considerably by the 
geometry of the tool. As the side-cutting^edge angle is increased, the 
longitudinal force drops, and the radial force is increased. The same 
is true for a given side-cutting-edge angle with increasing nose radius. 
The tangential force ina^ases. with an increase in chip size. Tool 
forces are not affected by changes in cutting speed. The size of the 
cut is the variable that has the greatest influence over the cutting 
forces. These forces increase in direct proportion to an increase in 
either feed or depth of cut. 

Tool sliopM ond onf lot. In order to understand the cutting ac¬ 
tion of a single-point tool as applied to a lathe, refer to Figure 4. 
The view at the upper left shows a cross section of the tool near its 
cutting end. The tool has been ground wedge-shaped, the included 
angle being called the lip or cutting angle. The side-clearance angle 
between the side of the tool and the work is to prevent the tool from 
rubbing. The angle is small, usually 6 to 8 degrees for most mate¬ 
rials. The top angle, known as the side-rake angle, varies with the 
lip angle, which in turn depends on the type of material being cut. 
The view to the right center is a side view of the tool with similar 
angles indicated. If the tool is supported in a horizontal position, 
the back-rake angle is obtained by grinding. However, most tool 
holden are designed to hold the tool in approximate position for 
correct back rake. End clearance is also necessary to prevent a rub¬ 
bing action on the flank of the tool. The complete nomenclature 
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of the various parts of a tool is labeled' on the finishing tool at the 
lower part of the figure. 

In grinding tools it should be noted that the lip or cutting angle 
varies with the kind of material being cut. A properly seleaed 
cutting angle will have the cutting edge supported well enough to 
withstand heavy cuts and be capable of carrying away the heat gener- 



Fig. 4. RacemnMiidcd tlMp«s and anglw for Utb* fools. 


ated, yet keen enough to rut well without requiring too much power. 
A compromise is necessary, and in general it is based on the hardness 
of the material. Hard materials require a cutting edge of great 
strength with a capacity for carrying away heat. Soft materials per* 
mit the use of smaller cutting angles, around 22 degrees for wood 
tools. Soft and ductile metals, such as copper and aluminum, require 
larger angles, ranging up to 47 degrees, whereas brittle materials, 
where chips crumble or break easily, require still larger angles. An 
interesting variation in tool angles is that recommended for brass and 
duralumin. These materials work best with practically zero rakes, 
the cutting action being a scraping one. Because of the high ductil* 
ity, the tool will dig in and tear the metal if a small cutting angle 
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is used. Tatde 14 lists suggested hi^-speed steel-tool angles and 
cutting speeds (or various materials. 

TABLE 14. Tool Angles* end Cutting Speeds for 
High-Speed Steel Tools 


Material 

Clearance 

Angle, 

degrees 

Rake Rake 
Angle, Angle, 
degrees degrees 

Clearance 

Angle, 

degrees 

Cutting 

Speed, 

(t/min 

Mild steel 1020 

12 

H 

16 

8 

80 

Medium carbon steel 1035 

10 

14 

16 

8 

70 

Medium carbon steel 1090 

10 

12 

8 

8 

50 

Screw steel x 1112 

12 

22 

16 

8 

150 

Cast iron 

10 

12 

5 

8 

50 

Aluminum 

12 

15 

35 

8 

350 

Brass 

10 

0 

0 

8 

200 

Monel metal 

15 

14 

8 

12 

120 

Plastics 

12 

0 

0 

8 

120 

Fiber 

15 

0 

0 

12 

80 


Carbide tools require slightly greater cutting angles than those 
shown in the figure because of the brittleness of the material. Side- 

cutting-edge angles of 5 to 20 degrees 
are recommended for these cutters. 
As the tool starts a cut, the load is not 
on the end but at a point back of the 
tip where the tool is stronger as illus¬ 
trated in Figure 5. Also, at the end 
of the cut there is a gradual reduction 
of the load. With the cutting edge at 
an angle, the length of the cutting 
edge is increased and the pressure per 
unit length decreased. An end-cutting- 
edge angle of 8 to 15 degrees with a 
small noiie radius is recommended. 
This sha[3e is a compromise between a point contact, which is apt 
to break, and a large nose radius, which results in a thin chip, ex¬ 
cessive tool wear, and chatter. 

Recent experience in rough turning has demonstrated that carbide- 
tipped turning tools, having a 5-degree negative side and back rake, 
provide longer tool life. This is particularly true on roughing cuts, 
where materials are rough, scaly, or sli^tly eccentric, because with 
negative rake the surface irregularities strike the cutting edge of the 





Rg. 5. With *id«*eiittlflg wig*, 
•ngl« tip of tool h protected et 
start ef cut. 
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tool back from the tip where the tool i$ much stronger. Naturally 
more fieat is generated than by conventional turning; so an adequate 
coolant supply must be provided. 

MadbfMfcIfffy. The machinab{lityf^ or ease with whidi a given 
material can be cut. is greatly influenced by the kind and shape of 
cutting tool used. It must be recognized, however, that machin* 
ability is a relative term and is expressed only in such factors as 
length of tool life, power required to make the cut. cost of removing 
a certain amount of material, or surface condition obtained. Tests 
must be conducted under standardized conditions if results are to 
be comparable. These tests indicate the resistance of the material 
being cut. and the results are 
affected by its composition, 
hardness, grain size, micro¬ 
structure, work hardening 
characteristics, and size. 

Other influencing factors in¬ 
clude type and rigidity of pig. s. Waar pecitiont »n tingla-p^nt tools, 
equipment, coolant proper¬ 
ties. feed and depth of cut, and the kind of tool used. Tests con¬ 
ducted should simulate actual machining operations. 

Tool Iff*. The life of a tool is an important factor in production 
work since considerable time is lost whenever a tool is ground and 
reset. Tool life is a measure of the length of time a tool will cut 
satisfactorily and, like machinability. may be measured in a number 
of ways. On a tool, wear is evident in two^ilaces. See Figure 6 . One 
is on the flank of the tool where a small land, extending from the 
tip to some distance below, is abraded away. On high-speed tools 
a failure is considered to have taken place if this land has worn 
0.062 inch, and for carbide tools when the wear land has reached 
O.OSO inch. Wear also takes place on the face of the tool in the 
form of a small crater or depression behind the tip. This is because 
of the abrading action of the chip as it passes over the tool face. 
Since tool life decreases as the cutting speed is increased, tool life 
curves are plotted as 109 ! life in minutes against cutting speed, in 
feet per minute, or in cubic inches of metal removed. In some cases 
the life is determined by surface finish measurements. It is well to 
consider the following reasons for tool failure so that preventive 
measures can be taken where possible. „ 

1. IMPROPER GRINDING OF TOOL ANGLES. Cutting angles depend upon 

^ Fsr diceunien al this wbiaef tM "MaefiliMbility of StMl," O. W. lodon, 
HcwdbooL. A.S.Mm p. 3M). 
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the material to be cut, their values being well established in hand¬ 
books, manufacturers’ literature, and other sources. 

2. LOSS OF TOOL HARDNESS. Brought about by excessive heat gen¬ 
erated at the cutting edge, this« situation is relieved by the use dE 
coolants or by reducing the cutting speed. 

S. BREAKING OR SPALLING OF TOOL EDGE. This may be caused by 
taking too heavy a cut or by having too small a lip angle. 

4. NATURAL WEAR AND ABRASION. All tools will gradually become 
dull by abrasion. In some cases this is accelerated by the develop¬ 
ment of a crater just back of the cutting edge. As the crater increases 
in size, the cutter edge becomes weaker and breaks o£E. This can 
be avoided by the proper selection of tool material. 

5. FRACTURE OF TOOL BY HEAVY LOAD. This condition will be re¬ 
duced materially if the cutting tools are rigidly supported with a 
minimum of overhang. 

Tool life can be prolonged by careful selection of tool angles, feed, 
cutting speed, and depth of cut, and by the use of proper coolant 
when the job is originally set up. Frequently a tool failure is caused 
by disregard of one or more of these factors. 

Tool ffloforfofs. Present-day production practices make rather 
severe demands on machine tools. To accommodate the many con¬ 
ditions imposed upon them, a wide variety of tool materials have 
been developed. No one of these materials is superior in all respects, 
but rather each has certain characteristics which limits its field of 
application. The selection of the proper tool material therefore de¬ 
pends on the type of servi^ to whi^ the tool will be subjected. Ob¬ 
viously the best material to use for a certain job is the one that will 
produce the machined part at the lowest cost. Desirable properties 
for any tool material include the ability to resist softening at high 
temperatures, a low coefficient of friction, good abrasive resisting 
qualities, and sufficient toughness to resist fracture. The principal 
materials used in cutting tools are as follows: 

1. HIGH-CARBON STEELS. For many yean, before the development 
of high-speed tool steels, carbon steels were used entirely for all cut¬ 
ting tools. Their carbon content ranging from 0.80% to 1.20%, 
these steels have good hardening ability and, with proper heat treat¬ 
ment, attain as great a hardness as any of the high-speed alloys. At 
(paximum hardness the steel is quite brittle, and, if some toughness 
is desiied, it must be obtained at the expense of hardness. Depth¬ 
hardening ability (hardenability) is poor, limiting the use of this 
steel to tools of small size. Because of the tendency of these tools to 
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lose hardnm at around 600 F, they are not suitable Cor high spMds 
and heavy-duty work, their usefulness being confined to work on soft 
mate^^ such as wood. As a production-tool material for meul cut¬ 
ting, these steels are obsolete. ^ ‘ 

2. HIGH-SPEED STEELS. High-Speed steels are high in alloy rontent, 
have excellent hardenability, and will retain a good cutting edge up 
to temperatures of around 1200 F. The ability of a tool to resist 
softening at high temperatures is known as red hardness and is a most 
desirable quality, llie first tool steel that would hold its cutting 
edge to almost a red heat was developed by Frederick W. Taylor and 
M. White in 1900. This was accomplished by adding 18% tungsten 
and 5.5% chromium to steel as the principal alloying elements. 
Present-day practice in the manufacture of hi^-speed steels still uses 
these two elements in nearly the same percentage. Other common 
alloying elements are vanadium, molybdenum, and cobalt. Although 
there are numerous high-speed steel compositions, they may all be 
grouped in the following three classes: 

(a) 18-4-1 high-speed steel. This steel, containing 18% tungsten, 
4% chromium, and 1 % vanadium, is considered to be one. of the best 
all-purpose tool steels. In some steels of similar composition the 
percentage of vanadium is increased slightly in order to obtain better 
results in heavyduty work. 

(5) Molybdenum highspeed steel, litany high-speed steels use 
molybdenum as the principal alloying element since one part will 
replace two parts of tungsten. Molybdenum steels such as 6-^-2 con¬ 
taining 6% tungsten, 6% molybdenum,* 4% chromium and 2% 
vanadium have excellent toughness and cutting ability. For many 
applications, particularly drilling and tapping operations, molyb¬ 
denum high-speed steels are better and cheaper than other types. 

(c) Superhighspeed steels. Some high-speed steels have cobalt 
added to them in amounts ranging from 2% to 15%, since this ele¬ 
ment increases the cutting efficiency, especially at high temperatures. 
One analysis of this steel contains 20% tungsten, 4% chromium, 2% 
vanadium, and 12% cobalt. Because of the greater cost of this mate¬ 
rial it is used principally for heavy cutting operations which impose 
high pressures and temperatures on the tool. 

3. CAST NONFERRous ALLOYS. A number of nonferrous alloys, con¬ 
taining principally dbromium, cobalt, and tungsten, with smalla 
percentages of one or more carbide-forming elements like tantalum, 
molybdenum, or boron, are excellent materials for cutting tools. 
ThcM alloys are cast to diape and hat% a high red hardness, beir^ 
able ro maintain good cutting edges ,,Qn tpol^ at tempmtuim up to 
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1700 F. C(»npared wich high*speed steels, they can be used at t'idce 
their cutting speeds and still maintain the same feed. Howevc^, they 
are more brittle, do npot respond^ to heat treatment, and can be 
machined only by grinding. Intricate tools can be formed by casting 
into ceramic or metal molds and then finished to shape by grinding. 
Their final properties are largely determined by the degree of chill 
given the material in casting. The range of elements in these alloys 
is 12% to 25% tungsten, 40% to 50% cobalt, and 15% to 55% chro¬ 
mium. In addition to one or more carbide-forming elements, carbon 
is added in amounts of 1% to 4%. These alloys have good resistance 
to cratering and can resist shock loads much better than carbides. As 
a tool material they rank midway between high-speed steels and 
carbides for cutting efficiency. 

4. CARBIDES. Carbide cutting-tool inserts are made only by pow¬ 
der-metallurgy technique; the metal powders of tungsten carbide and 
cobalt are pressed to shape, semisintered to facilitate handling and 
forming to final shape, sintered in a hydrogen atmosphere furnace 
at 2800 F, and finished finally with a grinding operation. Carbide 
tools containing only tungsten carbide and cobalt (approximately 
94% WC and 6% Co) are suitable for machining cast iron and most 
other materials except steel. Steel cannot be satisfactorily machined 
by this composition because the chips tend to stick or weld to the car¬ 
bide surface and soon rilin the tool. To eliminate this difficulty 
titanium and tantalum carbides are added in addition to increasing 
the cobalt percentage. typical analysis of a carbide suitable for 
steel machining is 82% tungsten carbide, 10% titanium carbide, and 
8% cobalt. This composition has a low coefficient of friction and, 
as a result, has little tendency toward top wear or cratering. Since 
variation in composition alters the properties of carbide materials, 
several grades are available to accommodate the various types of 
work to be done. 

Carbide tools are made by brazing or silver-soldering the formed in¬ 
serts on the ends of omimercial steel holders. The red hardness of 
carbide tool materials is superior to any other tool materials, since it 
will maintain a cutting edge at temperatures over 2200 F. In addi¬ 
tion, it is the hardest manufactured material and has extremely high 
compressive strength. However, it is very brittle, has low resistance 
to shock, and must be very rigidly supported to prevent cracking. 
Grinding is very difficult and can be done only with silicon carbide 
or diamond wheels. Clearance angles should be held to a minimum. 
Carbide tools permit cutting speeds two to three times that of cast 
alloy tools, but at such speeds a mudi smaller fox) must be used 
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From an economic point of view, carbide tools should always be used 
i£ possible. However, machines using carlnde tools must be rigidly 
built, have ample power, and a ^angt of feeds and speeds suitable 
to the materirl. 

5. DIAMONDS. Diamonds used as single-pK>int tools for light cuts 
and high speeds must be rigidly supported because of their high 
hardness and brittleness. They are used either for hard materials, 
difficult to cut with other tool materials, or for light, high-speed cuts 
on softer materials where accuracy and surface finish are important. 
Diamonds are commonly used in the machining of plastics, hard 
rubber, pressed carbon, and aluminum with cutting sjieeds from 1000 
to 5000 fpm. Diamonds are also used for dressing grinding wheels, 
for small wire-drawing dies, and in certain grinding and lapping 
operations. 

6. CERAMIC TOOLS. A recently developed process in the field of 
tool materials utilizes aluminum oxide, in the form of small inserts, 
as a cutting tool. Aluminum oxide powder is mixed with certain 
other oxides and a binder and is then processed by hot-pressing or 
by forming and sintering. The resulting material has an extremely 
high compressive strength but is quite brittle. Because of this the 
inserts are given a 5- to 7-degree negative rake to strengthen their 
cutting edge, and are well supported by the tool holder. Heat con¬ 
ductivity is very low, and hence the tools Ire generally used without 
a coolant. Tests run on ceramic tools indicate that they will with¬ 
stand much higher cutting speeds than other tool materials because 
of their ability to withstand high tem|)eratures and to resist abrasion. 

Chip shape and formation. Much research has been done in 
studying the mechanics and geometry of chip formation, and the 
relationship of chip shape to such factors as tool life and surface 
finish. £rn$t2 has classified tool chips into three types as shown in 
Figure 7. 'I'yjje 1, a-discontinuous or segmental chip, represents a 
condition in which the metal ahead of the cutting tool is fractured 
into fairly small piece.s. This type of chip is obtained in machining 
most brittle materials, such as cast iron and bronze. As these chips 
are produced, the cutting edge smooths over the irregularities, and a 
fairly good finish is obtained. Tool life is reasonably good, and 
failure usually occurs as a result of abrading action on the contact 
surface of the tool. Discontinuous chips can also be formed on soim 
ductile materials if the coefficient of friction is high. However, such 

^H. Emit, "l^hyiiei af M«f«i Cutting," Machining at MMal$, Anwrienn Society of 
Motoii, I93S. 
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chips on ductile materials are an indication of pocn* cuttting 
(x>nditions. 

An ideal type of chip, from the standpoint of cool life and finish, is 
the simple continuous (type 2), ^hich is obtained in cutting ductile 
materials having a low co^dent of friction. In this case the metal 
is continuously deformed and slides up the face of the tool without 



A. Type I. OiieontiiH B. Type 2. Continuous C. Typo 3. Continuous 

uous or sogmontal chip. chip without bunt>up odgo. chip with built-up edge. 


Fig. 7. Basie chip typos. Photomicrographs of cross sections taken through partially 
formed chips obtained, under various conditions, in machining operaHons such as 
turning, milling, planing, and poaching (according to Ernst). (Courtesy Cincinnati 
Milling Machine Company.) ' 

being fractured. Chip^ of this type are obtained at high cutting 
speeds and are quite common when cutting is done with carbide 
tools. Because of their simplicity, they can be easily analyzed from 
the standp>oint of the forces involved. 

Type 3 chip is characteristic of those machined from ductile ma* 
terials that have a fairly high coefficient of friction. As the tool 
starts the cut. some of the material (because of its hig^ friction 
coefficient) builds up ahead of the cutting edge. As the cutting pro* 
ceeds, the chips flow over this edge and up along the face of the 
tool. Periodically a small amount of this built-up edge separates 
and leaves with the chip or is embedded in the turned surface. Be¬ 
cause of this action the surface smoothness is not as good as with the 
type 2 chip. The built-up edge remains fairly constant during cutting 
and has the effect of slightly altering the rake angle. However, as 
the cutting speed is increased, the size of the built-up edge decreases, 
and the surface finish is improved. This phenomenon is also de* 
creased by either reducing the chip thickness or increasing the rake 
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angle, although on many of the ductile materials it cannot be 
eliminated entirely. 

Chip eenfref. In high-speed production turning, the control and 
disposal of chips is important to^protect both the operator and the 
tools. The chip breaker curls and highly stresses the chips so that 
they lareak into short lengths for easy removal from the machine. 
Various means can be provided to accomplish this. See Figure 8. 

1. Grinding on the face of the tool along the cutting edge a small 
flat to a depth of 0.015 to 0.030 inch. This is known as a step-type 



Step Type Groove Type Clomp Type 


Rg. I. Chip bmltan inad on singlo-point foeli. 


chip breaker, and it may be either parallel with the edge or at a 
slight angle. The width varies according to the feed and depth of 
cut and may range from He to 34 inch. 

2. Grinding a small groove about 3^2 behind the cutting 
^ge to a depth of 0.010 to 0.020 inch. The correct dimension for 
both the land distance and depth depend upon the feed and should 
be increased slightly as the feed is increased. 

3. Brazing or screwing a thin carbide-faced plate or clamp on the 
face of the tool. As the chip is formed, it hits the edge of the plate 
and is curled to the extent that it breaks in short pieces. 

4. Proper selection of tool angles controlling the direction of the 
curled chip. They iorce the chip into some obstruction and stress 
the chip to its breaking point 

Cooloaff* Improvement in cutting action may be accomplished 
by the use of solids, liquids, emulsions, or gases in the cutting 
I»ocess. In all forming and cutting operations high temperatures 
will develop as the result of friction; and, unless temperatures and 
pressures are controlled, there is a tendency for the metal surfaces 
to adhere to one another. It is therefore important that the friction 
coefficient between contact surfaces such as the tool and the chip 
be kept as low as possible. This is done effectively by the use of 
various type coolants, which, in addition, perfonn the following 
useful functions: 
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1. Reduce the temperature of the tool and work. 

2. Wash away chips. 

3. Improve the surface finish. 

4. Increase tool life. , 

5. Reduce the power required. 

6. Reduce possible cmsrosion on both the work and machine. 

Solids, which improve cutting ability, include certain elements in 
the work material as well as those injected into the tool-chip inter¬ 
face with liquids. Liquids are principally in the form of water-base 
or oil-base solutions having in them certain additives to increase 
their effectiveness. Gases include water vapor, carbon dioxide, and 
compressed air. Most coolants are in liquid form, because in this 
form they may be directed on the tool at the proper place and are 
readily recirculated. Any coolant used should be subjected to certain 
specifications since there are a number of desirable properties that 
a coolant should have. Among these are: 

1. It should be free from .undesirable odors. 

2. It should not be injurious to the skin of the operator. 

3. It should not corrode either the work or the machine. 

4. It should be stable and should not volatilize, smoke, or foam 
easily. 

5. It should have a higj|i flash temperature. 

Many kinds of coolants are used, depending primarily on the kind 
of material being machined and the type of operation being per¬ 
formed. Typical coolants used for several of the common materials 
are: 

CAST IRON. O^mpressed air, soluble oil, or worked dry. The use 
of compressed air necessitates an exhaust systeift to remove the dust 
caused by blowing the fine particles of iron. 

ALUMINUM. Kerosene lubricant, soluble oil, or soda water. Soda 
water consists of water with a small percentage of some alkali which 
acts as a rust preventive. 

MALLEABLE IRON. Dry or water-solublc oil lubricant. The latter 
coolant consists of a light mineral oil held in suspension by caustic 
soda, sulfurized oil, soap, and other ingredients which form an emul¬ 
sion when mixed with water. 

BRASS. Worked dry, paraffin oil, or lard oil compounds. 

STEEL. Water-soluble oil, sulfurized oil, or mineral oiL 

WROUGHT IRON. Lard oil or water-soluble oiL 
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In addition to these listed, many other coolants are used, the 
selection depending on the type o£ wmrk being done. For example, 
lard oil would be satisfactory for a tafiping operation on steel, 
whereas, for high-speed cutting qf the same steel on a turret lathe, 
a water-soluble oil emulsion would be better. Grinding operations 
use a water solution with some alkali such ns soda or sodium carbon¬ 
ate to act as a rust preventive, a littlii oil being added to keep the 
soda in suspension. 

Grinding coolants should not only cool efficiently but also keep the 
wheel clean. A poor coolant often contributes to wheel loading or 
glazing, resulting in the ineffective cutting action of abrasive particles. 
Coolants for grinding should be used in considerable volume and 
should not contain too much oil or gumming material. 

The water-soluble oil emulsions, resembling milk in appearance, 
are widely used for ail forms of operations. They are inexpensive, 
have high cooling properties, and have low viscosity which permits 
the oil to separate readily from the chips. In addition to the coolants 
mentioned, there is a wide variety of compounded mineral, fixed, 
and sulfurized oils that are used as cutting fluids. 



Fig. 9. Relation of rpn to turfaco tpoodf on difforont diamaton. (Ceurioty Warner 
A Swaiey Manufacturing Company.) 
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Cutting speed is expressed in feet per minute and on a lathe is the 
surface speed or rate at which the work passes the cutter. It may be 
expressed by the simple formula: CS — wDN, where D is the diameter 
of the work in feet and N is the revolutions of the work per minute. 
The cutting speed in this expression is seldom unknown, since cutting 
speeds for various materials may be found in many textbooks and 
handbooks. In lathe work the unknown factor is the speed of the 
work, or the term N. Referring to Figure 9 we may note that, to 
maintain a recommended cutting speed of 90 fpm, it is necessary 
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to increase the work revolutum materially, as the diameter is de^ 
creased from 5 inches to 1 inch. 

The tenn feed is used tb express the distance that the tool moves 
for each revolution of the work ai^ is sometimes expressed as chip 
thickness. Since so many factors must be given consideration, it is 
difficult to state definitdy what the speed and feeds for a given 
material should be. In cutting steel, the color of the chip and the 
general feed of the machine are important indications, a blue chip 
indicating too much speed or feed. Vibration of the machine or 
rapid dulling of the tool also indicates that the tool is overloaded. In 
general, the speed and feed are determined by the following factors: 

1. Kind of material being cut. Materials vary greatly in hardness 
and other physical properties which affect the cutting speed and life 
of the tool. 

2. Kind of material in the cutter. Carbon-steel cutters can take 
about one-half the cutting speed of a high-speed tool-steel cutter. 
Stellite and carbide cutters will stand still greater speeds. 

3. Types of finish desired. In general, high speeds with fine feeds 
give the best finish. 

4. Rigidity of the machine. No work should be done at speeds 
and feeds that cause vibration in the machine. 

5. Kind of tool being used. Forming tools, taps, and other tools 
that are expensive and di^cult to sharpen should be operated at 
speeds and feeds that insure long life. 

6. Type of coolant used. 

r 

Table 15, prepared by the Warner & Swasey Company, gives the 
following recommended cutting speeds for various materials. 

TABLE IS. Cuffing Speeds for Various Maferiels 

High-Speed Steel . Carbide 


Material 

Rough 

Finish 

Rough 

Finish 

Cast iron 

50- 60 

80-110 

120- 200 

350- 400 

semisteel* 

40- 50 

65- 90 

140- 160 

250- 300 

Malleable iron* 

80-110 

110-180 

250- 800 

300- 400 

Steel casting* (0.35C) 

45- 60 

70- 90 

150- 180 

200- 250 

Brass 

20O-S00 

200-500 

600-1000 

600-1000 

Bronte (80-10-10)* 

110-150 

150-180 

600 

1000 

Aluminumf 

SAB 1020* 

400 

700 

800 

1000 

80-100 

100-120 

500- 400 

SOO- 400 

SAB 1050* 

60- 80 

100 

200 

200 

Stainlm steel* 100-120 

* W'ate^soluble oil lubricant. 

100-120 

240- SOO 

240- 300 


f Kerosene lubricant. 
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Special Machbilap Froeaifot 

The shaping of parts made from carbides and other metals difficult 
to machine has for many years be^n limited to diamond wheel grind* 
ing. Because of the expense of diamond wheels and the time re¬ 
quired for grinding, much effort and research have been directed 
toward the development of more economical methods. There are, 
at present, no less than four methods, either being used or in the 
development stage, all of which remove metal by some form of elec¬ 
trical discharge rather than by the usual grinding wheel abrasion. 
All these processes, ultrasonic, electricaUdischarge machming, electro- 
arc^ and electrolytic, can remove metal from either hard or soft 
metals, but the rate of metal removal in soft metals is much slower 
than by conventional machining methods. 

Chem-milling, another metal removing process recently developed, 
is an extension of the etching process. This new technique for 
controlled metal removal is being used successfully for difficult 
machining jobs in the airplane industry. 

Uffrasoiiic maehMng, Ultrasonic machining is a form of 
planned metal removal produced by abrasive grains which are car¬ 
ried in a liquid between the tool and work and which bombard the 
work surface at high velocity. This action gradually chips away 
minute particles of material in a pattern controlled by the tool shape 
and contour. A transducer causes an Attached tool to oscillate 
linearly at a frequency of 20,000 to 30,000 times per second through 
an amplitude of 0.001 to 0.005 inch. Ti\p tool motion is produced 
by being part of a sound wave energy transmission line which causes 
the tool material to change its normal length by contraction and 
expansion. The tool holder is threaded to the transducer and oscil¬ 
lates linearly at ultrasonic frequencies, thus driving the grit particles 
into the workpiece. ' The cutting particles, boron carbide and similar 
materials, are of a 280-mesh size or finer, depending upon the 
accuracy and the finish desired. 

The tools arc made of brass or soft steel and must match the sur¬ 
face to be machined. Tolerances of 0.002 inch can be maintained 
with 280 grit, or by using finer grit a tolerance of 0.005 inch can be 
held. Operations that can be performed include drilling, tapping, 
coining, and the making of openings in all types of dies. Ultrasonic 
machining is used principally for machining hard and brittle mate¬ 
rials such as carbides, tool steels, ceramics, glass, gem stones, gnd 
synthetic crystals. Advanuges of this process include the absence 
of thermal stresses, low tooling costs, and ability to use semiskilled 
workers for precision work. 
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Bhffrhaf dhcharf moekMag, Electrical dischazge machining 
is a process whidi removes metal from any hard or soft material 
that conducts electricity. The machining action is caused by die 
formation of an electrical spark betvreen an electrode, shaped to the 
required contour, and the workpiece. Since the cutting tool has no 
contact with the workpiece, it can be made of a soft, easily worked 
material such as brass. The tool works in conjunction with a fluid 
such as mineral oil or kerosene, which comes to the work under 
pressure. The function of this coolant is to serve as a dielectricr 
to wash away particles of eroded metal from the workpiece or tcx>l, 
and to maintain a uniform resistance to flow of current. 

Electrical discharge machining, also known as spark machining 
or electronic erosion, was developed primarily for machining carbides. 
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Fig. 10. Simple diagram for alactro4paric machining. 


hard nonferrous alloys, and other hard'to-machine materials. Al« 
though the principle involved has been known for some time, it is 
only recently that procedure for utilizing an electrical discharge for 
the controlled removal of metal particles from a workpiece has been 
economically developed. Machining operations such as drilling, 
tapping, tool grinding, and die sinking can be accomplished, but 
the machining time in the softer materials is greater than with the 
conventional methods. 

In Figure 10 is shown a diagram of a simple arrangement for 
electrical discharge machining which was one of the first to be used 
in laboratory experiments. A condenser, parallel with the electrode 
and workpiece, receives a charge of direct current through a resistor. 
As the condenser is energized, its potential rises rapidly to a value 
sufficient to overcome the dielectric fluid between the electrode and 
work. The gap distance is electronically controlled on modem units 
so as to maintain a fairly constant potential which is applied, bring- 
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ing about an electrical breakdown df tbe dielectric fluid. This dis< 
tance is only a few thousandths of an inch, so hand control is difli- 
cult to maintain. Regardless of the electrode tool area, sparking 
occurs at the point where the gap is the smallest. The current 
density at this point is very high and of sufiicient force to erode 
small particles from the workpiece. These particles are then carried 
away by the dielectric fluid. It is believed that particles of metal 
are removed entirely by the mechanical force from the spark and 
not by the presence of heat. Economical removal of metal requires 
many thousands of discharges per second. This process is especially 
adapted for use in die-sinking and precision drilling. When pro¬ 
vided with a wheel-type routing electrode, the process is used for 
automatic single-point tool sharpening and form grinding. Metal 
removal rates of 0.010 cubic inch per minute are reported when 
machining steel, and 0.007 cubic inch per minute when machining 
carbides. Finishes of 8 to 10 microinches are possible with this 
process. 

Elecfro-orc maekinliig. The electro-arc process is one of metal 
disintegration caused by the arcing effect of a vibrating electrode. 
The electrode in this fx-ocess is negative; and the workpiece, positive. 
As the vibrating electrode contacts the work, current flows across the 
small contact areas causing instantaneous heating and melting of the 
meul contacted. The electrode is withdrawn sufficiently to extin¬ 
guish the arc, and the metal is instantly cooled by a conducting 
electrolytic fluid. Metal is removed by the thermal shock received, 
as well as by vaporization during the syreing. Some metal is con¬ 
sumed on tlie electrode but most disintegration takes place at the 
anode or workpiece. 

Practical applications of this process include the removal of broken 
ups from castings, making alterations in hardened dies, and salvag¬ 
ing many parts that otherwise would be lost. Finishes are not as 
smooth as those obtained by some of the other processes. 

fffocfrofytk procots. This process appears to be very good for 
hand grinding single-point carbide tools. The grinding is performed 
by a routing metal disk cathode which is supplied with an electrolyte 
in much the same manner as a coolant is used on an ordinary grind¬ 
ing wheel. The carbide tool, which is the anode, is slightly separated 
from the wheel by an electrolytic solution which chemically atucks 
the tungsten carbide. With die proper electrolyte, the grinding is 
accomplished electtolytically wit^ut the need of much abrasive 
action. In some cases electrolytic solutions are used in connection 
with diamond wheels to speed up the cutting action. 



m METAL CUTTING 

In the several electrical processes described, there are a number of 
interesting characteristics that apply to all of them. 

1. All can cut hard materials as well as soft. 

2. The cutting tool seldom touched the work so that it need not be 
of a hard material. 

5. There is no appreciable heating in any of the processes. 

4. There are no cutting forces involved. 

Chom-Milllng 

Chem-milling is a controlled etching process in which metal is 
removed to produce complex patterns, light-weight parts, tapered 
thickness sheets, and integrally stiffened structures. It is the adapta¬ 
tion of an old process to one which can be successfully used to re¬ 
move metal as in a machining process. The development of this 
process started in the airplane industry, where many complicated 
machining problems exist in the removal of excess metal to reduce 
weight. Although most chem-milling has been done with aluminum 
alloys, any metal for which an etching solution is available can be 
processed in this manner. 

The process, which is relatively simple, consists first of thoroughly 
cleaning the sheet or part to be etched. It is then prepared for the 
etching process by masking those areas not to be affected with a 
chemically resistant coating. If the entire area is to be reduced, this 
is unnecessary. The part itf then submerged in a hot alkaline solu¬ 
tion where metal in the unprotected area is eroded. The amount 
of metal removed depends mainly on the time the part is in the hot 
solution. Finally the part is rinsed, and the masking material is 
removed. 

Motltifig. The success of chem-milling is, to a large extent, due 
to suitable masking tap>es and organic coatings which are capable 
of resisting the action of the hot alkaline solutions. Adhesive tapes, 
applied to surfaces, are excellent for chem-inilling panfcls to several 
thicknesses. Tapes are removed progressively after the etching be¬ 
gins if several panel thicknesses are required. Templates with the 
design cut out are economical for flat surfaces. The template, which 
must be well gasketed, is held to the plate by either bolts or clamps. 
Electroplating of copper upon the area to be masked may also be 
used, but it is somewhat expensive. Masking by spraying or brush¬ 
ing chemically resistant coatings is another method. Photosensitive 
coating masking is often used for complex designs (see Figure 11). 

Where a uniform weight reduction is necessary on a forging or 
extrusion, no masking is required. Likewise, sheet metal formed 
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parts, that require a heavy sheet thickness for the operations involved, 
may be uniformly reduc^ in weight without masking. Another in¬ 
stance, where no masking is.^equired, is in the tapering of sheets 
(skins) for airplane use. Here the sheet to be tapered is gradually 
immersed or withdrawn from the etching solution. 



R9. Il> Matched ateh-eenfeurad waffla panali ready ta ba falnad ia gtva blah- 
ttiffnau sandwich censtnictien. (Courtasy North Amarican Aviation, Inc.) 

Effmet Off metal. The operation of chem-milling is uniform on 
all exposed areas; neither are internal stresses developed, nor is there 
any change in the metal structure. Tests have indicated that the 
physical properties of the metal are nr/t impaired by this process if 
proper control and etchants are used. However, bend and fatigue 
strength can be reduced somewhat by ^improper etching, the result 
of which are rough surfaces and consequent notch effects. Normally 
a surface roughness of 50 to 60 rms is obtained which is comparable 
to surfaces on many die castings and ground parts. 

Advaatage$ and IlmltathnB. Chem-milling is a new process and 
still in the experimental stage. Further refinements will, no doubt, 
overcome some present difficulties and increase its usefulness. In 
comparison with machine milling, the following advantages are 
claimed for this new process: 

1. Material can be femoved uniformly from all surfaces exposed 
to the etching solution. 

2. Material can be removed after parts are formed to shape. 

S. Sheets and structural members can be uniformly taper^ 

4. Highly skilled operators are not required. 

5. Close tolerance can be maintained, and surface finish is good. 

6. Operating costs are generally less than in machine milling. 
Likewise, equipment cost is less. 
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Limitations of the process are difficult to evaluate at this stage of 
develojHnoiL but the following might be mentioned: 

1. Aluminum is the only metal beii^ chem-milled on a commercial 
scale. 

2. Surface roughness is 50 microinches rms or higher. 

5. The depth of cut is limited when masking is used; gases collect 
under mask and cause uneven etching. 

4. Masking techniques for certain conditions are expensive. 

5. Gas generated in the process must be disposed of. 


REVIEW QUESTIONS 


1. What determines the thickness of a chip? 

2. What factors influence the frictional force acting on the face of a single* 
point tool? 

3. What effect docs cutting speed have on tool forces? 

4. Sketch a tool bit and indicate the lip angle, side rake, side clearance, tool 
face, and side-cutting-edge angle. 

g. Why is a side-cutting-edge angle recommended for heavy roughing cuts? 

4, What is meant by machinability. and how is it expressed? 

7. What factors affect the machinability of a metal? 

i. How is tool life measured? 

f. What are the causes for ciuting tool failure? 

10. What are the principal alloying elements in high-speed steel? 

11. What are the desirable properties for a tool material? 

12. Why are chip breakers usrd on some tools, and how are they constructed? 

13. What desirable properties should a coolant possess? 

14. Define the term “cutting-speed." How is it determined on a lathe? 

10. Describe the process of ultrasonic machining. 

10. How are tools ground by the electrolytic process? 

17. Briefly describe the method of operation used in electrical discharge 
machining. 
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LATHES 


The lathe is a machine ^at removes material by rotating the work 
against a cutter. Parts to be machined can be held between centers, 
attached to a face plate, supported in a jaw chuck, or held in a 
draw-in chuck or collet. Though this machine is particularly 
adapted to cylindrical work, it may also be used for many other 
purposes. Plain surfaces can be obtained by supporting the work 
on a face plate or in a chuck. Work helrl in this manner can like¬ 
wise be centered, drilled, bored, or reamed. In addition, the lathe 
can be used for cutting threads and turning tapers; with the proper 
attachment, it can be adapted to simple milling or grinding opera¬ 
tions. It is probably the oldest of all the machine tools as well as 
the most important machine in modem production. 

Types of Uifhos 

It is difficult to make a suitable classification of lathes as there are 
so many variables in the size, design, method of drive, arrangement 
of gears, and purpose. In gmieral, the following classification covers 
most of the lathes used todays 


37t 



TYPES OF UTHES 


m 


CUtsification of UitfiM 

1. Speed lathe 

(o) Wood working , 

'fr) Centering 

(c) Metal spinning 

(d) Polishing, etc 

2. Engine lathe 

(a) Step-cone pulley drive from line shaft 

(b) Step-cone pulley drive from individual motor 

(c) Gear-head drive 

(d) Variable-speed drive 

S. Bench lathe 

4. Toolroom lathe 

5. Special-purpose lathes 

(a) Crankshaft 

(b) Car wheel 

(c) Gap 

(d) Multicut 

(e) Duplicating, etc. 

SpMcf faffc*. The speed lathe, which is the simplest of all lathes, 
consists of a bed, a headstock, a tailstock, and an adjustable slide (or 
supporting the tool. Usually it is driven by a variable-speed motor 
built into the headstock, although the drive may be a belt to a step- 
cone pulley. Because hand tools are used and the cuts are small, 
the lathe is driven at high sp>eed, the woiik. being held between cen¬ 
ters or attached to a face plate on the headstock. 

The speed lathe is used principally in- the turning of wood for 
small cabinet work or for patterns, and for the centering of metal 
cylinders prior to further work on the engine lathe. In the latter 
operation, the center drill is held in a small chuck fastened to the 
headstock, and the work is guided to the center drill either by a 
fixed center rest nr a movable center in the tailstock. Metal spinning 
is done on lathes of this type by rapidly revolving a stamped or 
deep-drawn piece of thin ductile metal and pressing it against a 
form by means of blunt hand tools. The work is revolved at high 
speeds, and hand tools are used. 

Cfif In* Jaffce. The engine lathe derives its name from the early 
lathes, which obtained their power from engines. It differs from a 
speed lathe in that it has additional features for controlling the 
spindle speed and for supporting and controlling the feed of the 
fixed cutting tool. There are several variations in the design of 
the headstock through which the power is supplied to the machine. 
Lathes that receive their power from an overhead line shaft are 
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belt-driven and equipped with a step-cone pulley, usually a four-step 
pulley. This gives a range of four spindle speeds driven directly 
from the line shaft. In addition, the% lathes are equipped with back 
gears which, when connected witlf the cone pulley, provide four 
additional speeds. The engine lathe requires an overhead counter¬ 
shaft carrying a cone pulley which matches the one on the lathe, plus 
two additional pulleys equipped with clutches to cause forward and 
reverse rotation of the work. 


Heodstock ■ 
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Fig. I. ElwntnH of iMdium-diity •ngtn* Utfi*. 


Another type of engine lathe, as shown in Figure I, receives its 
power from an individual motor, iiiouiiied either on the side or be¬ 
neath the lathe. The general design of the headstock is the same, 
but the power is supplied through a short belt from the motor or 
from a small cone-puiley countershaft driven by the motor. 

A geared-head lathe (see Figure 2) varies the spindle speeds by 
means of a gear transmission. Various speeds are obtained by setting 
certain speed levers in the head. Such lathes are usually driven 
by a constant-speed motor mounted on the latlie, but in a few cases 
variable-speed motors are used. A geared-head lathe has the advan¬ 
tage of a positive drive and has a greater number of spindle speeds 
available than are usually found on a step-cone-driven lathe. Re* 
^^tly some lathes have been developed with a variable-speed mecha- 
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nism built into the headstock, thus permitting dose regulation of 
the spindle rotation. 



Rg. 2. Geared'head angina latha. (Couriaty Tha Amarleaa Tael Werb Cempany.) 


Boiieh lafhm. The name bench lathe is given to a small lathe that 
is mounted on a work bench. In design it has the same features as 
ordinary speed or engine lathes and differs from these lathes only in 
size and mounting. It is adapted to small work, having a maximum 
swing rapacity of 10 inches at the face plate. Many lathes of this 
type are used for precision work on small* parts. 

Toolroom lathe. This most modern engine lathe is equipped 
with all the accessories necessary for accurate tool work, being an 
individually driven geared-head lathe with a considerable range in 
spindle speeds. It is. equipped with center steady rest, quick change 
gears, lead screw, feed Irod, taper attachment, thread dial, chuck, in* 
dicator, draw-in collet attachment, pump for coolant, and frequently 
a relieving attachment to control the motion of the tool. In some 
cases a “live" or antifriction center is used in the taiistock which 
eliminates any scoring of the center, preserving its accuracy. All 
toolroom lathes are carefully tested for accuracy and, as the name 
implies, are especially adapted for making small tools, test gages, dies, 
and other precision parts. 

Loth* CoBftruefien and Opnratlon 

Lathe tint. The size of a lathe is expressed in terms of the 
diameter of the work it will swing; thus a l^nch lathe is cm having 
sufficient clearance over the bed rails to take work 16 inches in 
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diameter. However, a aecond dimension is necessaiy to define further 
the size capacity of the maclune in terms of work piece length. Smne 
manufacturers express this in terms of the maximum work length 
in inches between the lathe cen^^ whereas others express it in 
terms of bed length in feet 



Rg. 3. B«el*gMr»(i htadstoek with gaar gwardt rMnevad. (Ceurtaty South Band 
Latha Works.) ** 

io#fi« ecuifruefloa. In studying the construction of a lathe, 
reference to Figure 1 will be of assistance, since all the principal parts 
are labeled. All lathes receive their power through the headstock, 
which may be equipped either with a stepcone-pulley drive or a 
geared-head drive. Figure 3 shows a typical back-geared headstock 
equipped for a belt drive through a step-cone pulley. Four spindle 
speeds are available when the pulley is directly connected to the 
lathe spindle. If slower speeds are desired, the back gears are thrown 
in mesh with the two gears on either end of the cone pulley and the 
large gear to the right of the cone pulley is disengaged. Power then 
is transmitted through the train of four gears to the main spindle, 
providing four additional speeds. 

Figure 2 shows the construction of a geared>head lathe where 
spindle-speed variations are obtained by regulating the levm on the 
side of the transmission. 
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The lathe tailstock. can be adjusted along the bed of the lathe to 
accommodate different lengths of stock being turned. It is provided 
with a hardened center, which may be moved in and out by the wheel 
adjustment, and with setover screVs at its base to be used for adjust¬ 
ing the alignment of the centers and for taper turning. 

The lead screw is a long, carefully threaded shaft, located slightly 
below and parallel to the bedways extending all the way from the 
headstock to the tailstock. It is geared to the headstock in such a 
way that it may be reversed and is fitted to the carriage assembly so 
that it may either engage or be released from the carriage during 
cutting operations. 

When it is necessary to change the speed of the lead screw it is 
done at the quichchange gear hox, located at the headstock end of 
the lead screw. It is necessary only to move the extending levers, 
the amount of tool feed obtained by the change being indicated on 
the gear box. 

The carriage assembly includes the compound rest, tool post, sad 
die, and apron. Since it supports and guides the cutting tool, it must 
be constructed with great accuracy and rigidity. Two hand feeds are 
provided to guide the tool on a crosswise motion. The upper hand 
wheel or crank controls the motion of the compound rest; and, since 
this rest is provided with a swiveling adjustment protractor, it can be 
placed in various angle positions for sho/t taper turning. A third 
hand wheel is used to move the carriage along the bed, usually to pull 
it back to'Starting position after the lead screw has carried it along 
the cut. The portion of the carriage thit extends in front of the 
lathe is called an apron. On the face of the apron are mounted the 
various control wheels and levers. Figure 4 shows an interior view 
of an apron and the method of drive. 

Lathes that are designed for toolroom use are frequently provided 
with a relieving attachment. The function of this attachment is to 
relieve or back off the flutes of rotary cutters, taps, reamers, end mills, 
and dies. Figure 5 shows a setup for putting relief on the spiral 
teeth of a cutter. The relieving attachment drive unit, consisting of 
the main drive and change gears, is located at the front of the head- 
stock. The drive is taken from the spindle through gearing to the 
splined shaft which is connected with a cam in the relieving rest, 
moving the tool back and forth. This motion is synchronized with 
the spindle rotation giving the tool proper relief. Both internal 
and external relief may be obtained by the use of this attachment, 
and it can also be employed in connection with a taper turning 
attachment. 




Rg. 4. Interior viow of doublo-wall apron. (Courtesy South Bend Lathe Works.) 
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Fig. S. Univenal relieving attachment sat up for relieving cutters. (Courtesy Tlif 
American Lathe Tool Worb.) 
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Supporting work bofwoon ooofon. The most common way to 
support worh on a lathe is to mount it between centers, as shown in 
Figure 6. This method has the advantage of being able to resist 
heavy cuts and is convenient for long parts. Since the work is 
mounted between two tapered centers, it will not turn uniformly 
with the spindle unless it is attached in some further fashion. Such 
attachment is made through a pear-shaped forging known as a dog. 



Rg. 6. Turning n itMl shaft mountad batwaan eantirs. (Courtasy Saufh Band Lafha 
Works.) 

which consists of a main body with an opening to accommodate the 
stock being turned, a setscrew at the lower end to fasten the work 
securely, and an elongated portion at the top (known as the tail) 
which is bent at a right angle—parallel with the stock—so that it 
may engage a slot in the face plate. After the setscrew is tightened, 
the tail of the dog is fitted into the face plate, and the work is ready 
to be turned, as shown in Figure 6. The center in the headstock 
turns with the work; consequently, no lubrication of that center is 
necessary. The tailstock center, or dead center, acts as a conical bear¬ 
ing and for this reason must be kept clean and well lubricated. It 
should not be too tight against the work, nor should it be so loose 
that there is end play. A check should be made at frequent inter¬ 
vals; for, if it is too tight, the oil film will be broken down, and either 
the work or the center will be ruined. 

In preparing cylindrical work, care must be exercised in locating 
the center holes before they are drilled. Probably the most con¬ 
venient method is with a combination square and scriber. The 
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center head of the combination square should be held firmly against 
the shaft, as shown in Figure 7, and two intersecting lines scribed 
close to the blade. The intersection of the lines represents the center 
of the shaft, and this point should be center>punched to facilitate 
proper starting of the center drill. The sizes of center holes for 
various-sized shafts are given in the table at the lower part of the 
illustration. 
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In turning long slender shafts, or boring and threading the ends of 
spindles, a center rest is used to give additional support to the work. 
The usual type of center steady rest, shown on the end of the lathe 
bed in Figure 2, is attached to the bed of the lathe and supports the 
work by means of the three jaws shown. Another rest, somewhat 
similar, is known as a follower rest. It is attached to the saddle of 
the carriage and supports work of small diameter that is likely to 
spring away from the cutting tool. This rest moves with the tool, 
whereas the center rest is stationary. • 

Cylindrical work that has been bored and reamed to size may be 
held between centers by one of several types of mandrels shown in 
Figure 8. Solid mandrels have hardened, ground surfaces and are 
available in all standard sizes. The surface is ground with a taper of 
about 0.0006 inch per inch in length, the small end being 0.0005 inch 
undersized to facilitate starting the work. The work must be pressed 
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on the mandrel in an arbor press since considerable pressure is 
needed in this operation. The other type mandrels shown are 
adapted for holding work that may not have holes accurate to size 
or in cases where several parts are to be machined in one setup. 



Solid Mandrel Gang Mandrel 



Expanding Mandrel Cone Mandrel 

R«.l. Various typos of mancIroU usod for holding stock botwoon eontari. 

Svpperfinf work fe check or on fete plot*. In addition to 
being held between centers, the work can also be held by being 



Rg. 9. loring an oeeantrie holo on tho faeo piata of a latho. (Courtesy South loud 
Latho Works.) 

bolted to the face plate, by a jaw chuck, or by a draw-in collet. Tig- 
uie 9 illustrates work supported by being bolted to a face plate. 
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Such mounting is suitable for fiat plates and parts of irregular 
shape. The figure illustrates the use of a boring bar for internal 
turning. 

Lathe chucks are made in several .designs, and may be classified as: 

1. Universal chuck. The jaws all maintain a concentric relation¬ 
ship when the chuck wrench is 
turned. 

2. Independent chuck. Each 
jaw has an independent adjust¬ 
ment. (See Figure 10.) 

3. Combination chuck. Each 
jaw has an independent adjust¬ 
ment and, in addition, has a sepa¬ 
rate wrench connection which con¬ 
trols all jaws simultaneously. 

4. Drill chuck. A small univer¬ 
sal screw chuck used principally 
on drill presses but frequently 
used on lathes for drilling and 
centering. 

5. Draw-in collet chuck. Holds 
standard-shape bar stock in a cen¬ 
tered position. A separate collet 
is necessary for each work size. 

Lathe chucks are used fonholding short pieces of stock of irregular 
shape that cannot be held between centers. For example, in making 
a small gear blank from solid stock, the piece would first be mounted 
in the chuck with one side faced true. To produce a hole through 
the blank, the dead center should be removed from the tailstock and 
a drill chuck mounted in its place. Successive operations of center¬ 
ing, drilling, boring, and reaming can then be performed. The blank 
is then removed from the chuck and mounted on a mandrel for 
further machining. 

Draw-in collet chucks are the most accurate of all chucks and 
are especially adapted for holding bar stock. In mounting a collet 
chuck attachment to a lathe, the live center is removed and a tapered 
sleeve bushing is put in its place. The proper-sized collet is placed in 
this sleeve and screwed to the draw bar extending through the 
spindle, as shown in Figure 11. Work can then be placed in the 
collet and held by turning the hand wheel on the end of the draw 
bar. This forces the collet back against the tapered surface of the 



Rg. 10. Four-jaw indopandant chuck. 
(Ceurtaty Warner & Swaiay Manufacture 
ing Company.) * 
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sleeve and causes the collet jaws to grip the work. Colleu are made 
for round, square, and other shapes, as shown in Figure 12. This 
means of holding stock is used in precision work for such parts as 
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Tapf faralag. Many parts and tools made in lathes have tapered 
surfaces, varying from the short steep tapers found on bevel gears and 
lathe center ends to the long gradual tapers found on lathe mandrels. 
The shanks of twist drills, end mills, reamers, arbors, and other tools 
are examples of taper work. Such tools, supported by taper shanks, 
are held in true position and are easily removed. 

There are several taper standards found in commercial practice. 
The following classification lists those commonly used: 

1. Morse taper. Largely used for drill shanks, collets, and lathe 
centers. The taper is approximately % inch per foot. 

2. Brown and Sharpe taper. Used principally in milling machine 
spindles: ^ inch per foot. 

3. Jarno and Reed tapers. Used by some manufacturers of lathe 
and small drilling equipment. Both systems have a taper of 0 6 inch 
per foot, but the diameters are different. 

4. Sellers taper. Used principally in equipment manufactured by 
William Sellers and Company. The taper is % inch per foot. 

5. Taper pins. Used as fasteners. I'he tajjer is % inch per foot. 

Each of these standards is made in a variety of diameters and desig¬ 
nated by a number. 

External tapers may be cut on a lathe in several ways: 

1. By using a taper-turnihg attachment on the lathe, as illustrated 
in Figure 13. This attachment is bolted on the back of the lathe and 
has a guide bar which mayibe set at the desired angle or taper. As 
the carriage moves along the lathe bed, a slide over the bar causes the 
tool to move in or out, according to the setting of the bar. In other 
words, the taper setting of the bar is duplicatjpd on the work. The 
advantages of this system are that the lathe centers are kept in align¬ 
ment, and the same taper may be turned on various pieces, even 
though they vary in length. 

2. By using the compound rest on the lathe carriage. This rest, 
which has a circular base, may be swiveled to any desired angle with 
the work. The tool is then fed into the work by hand. This method 
is especially adapted for short tapers such as truing up a lathe center. 

3. By setting over the tailstock center. If the tailstock ts moved 
horizontally out of alignment ^ inch and a cylinder 12 inches long 
is placed between centers, the taper will be % inch per foot. How¬ 
ever, a cylinder 6 inches long will have a taper of 1 inch per foot. 
Hence, the amount of taper obtained on a given piece depends on the 
length of the stock, as well as on the amount the center is set over. 
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Rg. 13. Laths taper turning attachment. (Courtesy The American Teel Woriu 
Company.) 


4. By manually operating both hand feeds. This method is not 
recommended, as it is impossible to cut an accurate taper. 

Internal tapers can be machined on a l»the only by using the com¬ 
pound rest or the taper-turning attachment. Small holes for taper 
pins are first drilled and then reamed to size with a taper reamer. 

Loth# Tools 

Single-pointed metal-cutting lathe tools consist of small pieces of 
rectangular tool steel rigidly supported in suitable holders. The 
tool holder is held on the tool post of the lathe, and the work revolves 
against the point of the tool. 

In order to cut metal*efficiently and accurately, the cutting tool 
must be properly ground to provide a keen cutting edge with correct 
angles for the kind of metal to be cut. The shapes and angles of 
the tool vary considerably, depending on the type of cutting opera¬ 
tion, kind of material being cut, too! material, and finish desired. 

Tools used in lathe work are small rectangular pieces of high-speed 
tool steel which are held in a tool holder. Because of the high cost 
of tool materials, it is much more economical to use these small 
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inserts in special holders than to use solid forged tools. In Figure 14 
is shown a straight shank tool holder and some of the typical shapes 
of cutter bits used in lathe work. The tool bit is securely clamped 
as near the cutting edge as possible and held by the set screw with 
extreme rigidity. The tool post on the lathe carriage supports the 
tool holder in proper position for cutting. 



B d b d 

L.H. Round R.H. L.H. R.H. 

Turning Nose Turning Side Side 

0 0 b 6 d 

CuttinO’Off Finishing Threading R.H. L.H. 

Corner Corner 

Bits 

Fig. 14. Straight shank tool heldar and suggastad thapai for tael Uts. 


Much lathe work is now done with carbide or cast, nonferrous 
tools, which are usually of the insert type and fit securely into an 
appropriate holder. Holding them rigidly is very important because 
of the brittleness of the hard inserts. 

(mrlndlag and nattlag fools. Provided with adequate grinding 
equipment, experienced personnel can obtain proper cutting angles 
on tools. Most uniform results are realized with special tool grinders 
which can be set to grind accurately any angle desired. If off-hand 
grinding is necessary, gages and templates should be used by the 
operator. 

Tool bits should be removed from the holder before an attempt is 
made to grind them. The procedure for grinding the various faces 
is not of great importance, but it is suggested that the side-rake and 
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sideclearance surfaces be prepared first. After these two angles are 
ground, the tool end may be givoi any shape desired. Shapes of 
typical lathe tool bits are shown in the lower part of Figure 14. 

Aluminum oxide whjeels are Ix^t for rough and finish grinding of 
high<8peed steel tools, whereas silicon carbide and diamond wheels 
are necessary for cemented carbide tools. A final honing of the 
cutting edge is recommended to increase tool life. 

In most cases it is assumed that the tip of the tool is in line with 
the center of the work, as shown in the various figures; however, some 
authorities recommend that the cutting edge of the tool point should 
be about 5 degrees above center, or %4 inch per inch in diameter of 
the work. The position of the cutter bit must be taken into account 
when the various angles are being ground, since the height has con* 
siderable influence on the front clearance. For example, if the point 
is Yiq inch above the center lines in turning a l*inch diameter, the 
front clearance practically disappears and the back rake is increased 
materially. All lathes are provided with spherical seats or rockers 
to assist in setting the tool properly with the work. 


REVIEW QUESTIONS 


1. What types of surfaces can be machined on an engine lathe? 

2. What is a speed lathe, and for what type*of work is it used? 

3. How is the size of a lathe determined? 

4. Name three methods of turning accurate tapers on a lathe. 

8. What is an engine lathe? A geared-head^lathe? 

8 . Wlut is the purpose of each of the following lathe partt: face plate, center 
rest, compound rest, lead screw, and back gears? 

7. Describe the operation of a duplicating lathe. 

f. What is wrong with a lathe that turns a slightly tapered surface instead of 
a cylinder? Assume the* small diameter to be on the tailstock end. 
f. How does a toolroom lathe differ from an ordinary engine lathe? 

10. What is a relieving acuchment, and for what purpose is it used? 

11. Name four types of chucks used in lathe work. 

12. How are internal tapers turned on an engine lathe? 

13. How does a Morse tappr differ from a Brown and Sharpe taper? 

14. What is a mandrel? Describe the different kinds used. 

18. How are lathe tools supported and set up for operation? 


REFERENCES 

Boston, O. W., Metal Processing, 2d edition. John Wiley and Sons, 1951. 
Ctdvin. Fred H., Running an Engine Lathe, McGraw-Hill Botdt Company, 1941. 




3M 


UTHES 


Doyle, L. £., MeUU Muchining, Prentice-Hall, 1953. 

Hine, C R., Machine Tools for Engineers, McGraw-Hill Book Company, 1950. 
How to Bun an Engine Lathe, South Bend Lathe Company, 1943. 

Jones, F. 0., Machine Shop Training Course, Industrial Press, 1940. 

Judkins, Malcolm F., "Metal Cutting," Mechanical Engineering, May 1937. 
Machining-^Theory and Practice, American Society for Metals, 1950. 

Manual of Lathe Operation, 16th edition. Atlas Press Company, 1954. 

Parker, H. W., C. H. Lawshe, and O. D. Lascoe. Machine Shop Operations and 
Setups, American Technical Society, 1954. 

Tool Engineers Handbook, The American Society of Tool Engineers, McGraw-Hill 
Book Company, 1949. 



CHAPTtll 



^4, »ii^, ClT®i 


TURRET 

AND 

AUTOMATIC LATHES 


Turret and automatic lathes possess special designs and features 
which particularly adapt them to production work. The “skill of the 
worker” has been built into these machines, making it possible for 
operators ,with little skill to reproduce identical parts. In contrast 
to this, the engine lathe requires a highly skilled operator and takes 
mmre time to reproduce many parts which are dimensionally the 
same. The principal characteristic of this group of lathes is that 
the tools for consecutive operations can be continuously set up in 
readiness for use in the proper sequence. Although considerable 
skill is required to set and adjust the tools properly, once they are 
omrect, little skill is required to operate them. Furthermore, many 
parts can be produced b^re adjustments are necessary. Eliminating 
the setup time between operations reduces the production time tre¬ 
mendously. The high development of turret and automatic lathes 
has made interchangeable manufacture what it is today. 

CkufMcatlM 

The following classification of turret and automatic lathes, made 
according to single outstanding design characteristics, will serve as 
an outline for our discussion. 
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1, Turret lathe 
(a) Horizontal 

(1) Ram-type 

(2) Saddle-type 
{b) Vertical 

(1) Single-station 

(2) Multistation 
(c) Automatic 


2. Automatic lathe 

(a) Horizontal 

(b) VerUcal 

S. Duplicating lathe 

4. Automatic screw machine 

(a) Single-spindle 

(b) Multispindle 


This classification may be further subdivided according to special 
features, such as method of drive, method of chucking; capacity, and 
number and arrangement of tool slides. 



Fig. I. R«m-typ« turret Isth*. (Courtesy Jones ft Lamson Meehine Compeny.) 


Horhonfal fyrnf lathy* This type of lathe is made in two 
general designs known as the ram and saddle. In appearance they 
are much alike, and both may be used for either bar or chucking 
work. The ram-type turret lathe shown in Figure 1 is so named 
because of the manner in which the turret is mounted. The turret 
is placed on a slide or ram which moves back and forth on a saddle 
clamped to the lathe bed. This arrangement permits quick and easy 
movement of the turret and is recommended for bar and light work. 
The saddle, although capable of adjustment, does not move during 
the operation of the turret. Ram-type machines do not require the 
built-in rigidity of chucking machines, because in most cases the 
bar tools can be made to support the work. 




CUSSIFiCATION Ml 

A saddle-type turret lathe, shown in Figure 2, has the turret 
mounted directly on a saddle which moves back and forth with the 
turret in its operation. Chucking tools overhang and do not support 
the work, thus causing greater strain on both work and tool support; 
hence chucking tools must have the greatest possible rigidity. The 
stroke is also much longer which is an advantage in long turning 
or boring cuts. 



Pig. 2. Saddla-typ* turret lathe. (Courtesy Winner. & Swesey Manufacturing 
Company.) 


CottitruefloH, Turret lathes have many features similar to those 
of modern engine lathes. The headstock in most cases is geared with 
provision for 6 to 12 spindle speeds. The various spindle speeds, as 
well as forward and reverse movement, are controlled by levers 
extending from the head. The drive motor is usually located in the 
motor leg below the headstock and connected to the geared-head 
pulley by means of a belt. Some few machines, designed for light 
work, are driven by a multiple-speed motor mounted directly on the 
spindle inside the headstock housing. High speeds, up to 3600 rpm, 
are possible on these machines. 

The crosS’Slide unit, on which the tools are mounted for facing, 
forming, and cutting oflF, is somewhat different in construction from 
the tool-post and carriage arrangement used on lathes. It is made up 
of four principal parts: the cross slide, the square turret, the carriage, 
and the apron. These parts are readily discernible in the various 
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turret-lathe illustrations. Some of the cross slides are supported 
entirely on the front and lower front ways, permitting more swing 
clearance for the work. This arrangement is frequently utilized on 
saddle-type machines, which are to be used for large-diameter chuck¬ 
ing jobs. The other arrangement for mounting has the cross slide 
riding on both upper bedways and is further supported by a lower 
way. This is used on machines engaged in bar work and in other 
processes where a large swing clearance is not necessary. An advan¬ 
tage of this type is the added tool post in the rear, frequently used 
in cutting-off operations. 

On top of the cross slide is mounted a square turret capable of 
holding four tools in readiness for use. If several different tools are 
required, they are set up in sequence and can be quickly indexed 
and locjced in correct working position. In order that cuts may be 
duplicated, the slide is provided with either a positive stop or a feed 
trip. Likewise, the longitudinal position of the entire assembly may 
be accurately controlled by positive stops on the left side of the apron. 
Cuts may be taken with square-turret tools simultaneously with tools 
mounted on the hexagon turret. 

The outstanding feature of a turret lathe is the use of a hexagon 
turret in place of the usual lathe tailstock. This turret, mounted on 
either the sliding ram or the saddle, carries the tools for the various 
operations. The tools ^re mounted in proper sequence on the 
various faces of the turret so that, as it indexes around between 
operations, the proper tools are brought into position. For each set 
of tools there is provideef a stop screw which controls the distance the 
tool will feed. When this distance is reached, an automatic trip lever 
stops further movemeijt of the tool by disengaging the drive clutch. 

Dfffer«iieM boiwoon furnf and engine latkoB. The main dif¬ 
ference between these two machines is that the turret lathe is adapted 
to quantity-production work, whereas the engine lathe is primarily 
used for miscellaneous jobbing, toolroom, or single-operation work. 
The essential features of a turret lathe which make it a quantity 
production machine are these: 

1. Tools may be permanently set up in the turret in the proper 
sequence of their use. 

2. Each tool is provided with a stop or feed trip so that each cut 
of a tool is the same as its previous cut. 

3. Combining cuts can be made—that is, tools on the cross slide can 
be used at the same time that tools on the turret are cutting. 

4. Extreme rigidity in the holding of work and tools is built into 
the machine. 
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When a turret lathe is once set up for a certain job, many parts 
may be machined identically, without further adjustment of the tools. 
All types of work that can be done on an engine lathe can likewise be 
done on a turret lathe and, in many cases, can be done quicker: bar 
and chuck work, thread cutting, taper turning, drilling, reaming, 
and many other similar operations. Although we now have many 
other production machines, the turret lathe has been largely responsi¬ 
ble for the development of interchangeable manufacture as we know 
it today. 

Motlieds of Holding Stock 

Because the turret lathe is a production machine, special attention 
is given to methods of holding the work so that it can be done 
quickly and accurately. Since the operation is usually simple, extreme 
rigidity can be built into such equipment so that heavy cuts can be 
made. The usual devices for holding work arc collets, arbors, chucks, 
and special holding fixtures. 



Rfl. 3. Statlon«ry«typt spring collet. (Courtesy Warner & Swasey Manufacturing 
Cempaj^.) 


Colfoft. Collets, commonly used for bar-stock material, are made 
with jaws of standard sizes to accommodate round, square, and hex¬ 
agonal stock. For large stock, collets of the parallel closing type are 
sometimes used, but in most cases collets of the spring type are rec¬ 
ommended. These collets are solid at one end anc! split on the other 
end, which is tapered. The tapered end contacts with a similarly 
tapered hood or bushing, and, when forced into the hood, the jaws 
of the collet tighten around the stock. Spring collets are made in 
three designs: the push-out type, the draw-in type, and the stationary 
type. In each, the operation is similar to that just described. A 
cross section of a stationary collet is shown in Figure 3. With this 
type there is no movement of the stock when it is tightened in the 
coljet, since the latter is held in place against the hood. As the 
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tapered suiface of the plunger sleeve is pushed against a similar 
surface on the collet, the jaws are forced against the work. For work 
that must be accurately located endwise, this type of collet assembly 
is best. Pushout-type collets are- recommended for bar work, since 
Che slight movement of the stock pushes it against the bar stop. This 
collet is of the same construction as shown in Figure 5 except that 
there is no hocxl to stop the forward movement of the bar stock. 
Draw-back'type collets are not widely employed for bar stocd^, but 
are useful when the collets are of extra-capacity size and are utilized 
for holding short pieces, as shown in Figure 4. The slight back 
motion in closing forces the work^against the locating stops. 



Fif. 4. DcAw-baek •xtrji-e«p«eihr Fig. S. Eip«nding plug-type arbor, 
eellot. (Beth photos courtesy Warner A 

Swasey Manufacturing Company.) 


Arbor. Expanding or threaded arbors are used to hold short 
pieces of stock that have in them a previously machined, accurate 
hole. The action in holding the work is controlled by a mechanism 
very similar to that used with collets. An expanding, plug-type arbor 
is shown in Figure 5. The work is placed on the arbor against the 
stop plate; and, as the draw rod is pulled, the tapered pin expands 
the partially split plug and grips the work. The threaded arbor 
operates in a similar fashion except that the work is screwed cm the 
arbor by hand and is then forced back against a stop tube or flange. 

Both collets and arbors may be power-operated by pneumalic» 
hydraulic, or electrical devices located at the end of the spindle. Such 
an arrangement is frequently used on high-production work to pro¬ 
vide quicker and easier operation. 

Ckadu. Chucks are used for holding large and irregularly shaped 
parts and, in general, are the same kind employed in engine-lathe 
work. These ^ucks are either bolted or screwed to the spindle and 
have a very rigid mounting. 
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In addition to standard chucks, there are several other special 
types adapted for holding work of irregular shape. One of these, 
known as a two>jaw box chuck, is designed to hold work with parallel 
flat sides. Both jaws, on opposite sides of the chuck, move in and 
out togethei. 

Power chucks, operated by air, hydraulic means, or electricity, 
relieve the operator of the effort involved in tightening and loosening 
the work. An additional advantage of the power chuck is that it is 
quick acting. 

Because it is difficult to mount all types of work on standard 
equipment many'special chuck jaws or holding fixtures must be 
devised. Standard face plates are frequently used for mounting such 
fixtures. The holding device is held to the face plate either by 
bolting or by means of the T slots on the face of the plate. Work¬ 
holding devices can be used equally well with both automatic and 
turret lathes. 

Toofs oiicf feofliif prluclphi. As has been stated, once a turret 
lathe is properly tooled, an experienced machinist is not required to 
operate it. However, skill is required in the proper selection and 
mounting of the tools. In small-lot production it is important that 
work be done in as short a time as possible so as not to consume too 
much of the total production time which consists of setup time, 
work-handling time, machine-handling time, and cutting time. 

Setup time can be reduced by having «Al necessary tools in condi¬ 
tion and readily available. For short-run jobs a permanent setup of 
the usual tools on the turret is an excellent means of reducing time. 
The tools selected are standard and when permanently mounted, 
they may be quickly adjusted for various jobs. A similar setup can 
be- prepared for chucking jobs. 

The work'handlinjg time, that time consumed in mounting or 
removing the work, is la^ly dependent on the type of work-holding 
devices used. For bar work this time is reduced to a minimum by 
having quick means for advancing the stock built into the machine. 

The time it takes to bring the respective tools into cutting position 
is the machine’handling*time. This can be reduced by having the 
tools in proper position and sequence for convenient use, and also by 
taking multiple or combined cuts whenever possible. 

The actual cutting time tor a given operation is laigely controlled 
by the use of proper cutting tools, feeds, and speeds. However, 
additional time may often be saved by combining cuts as shown in 
Figure 6 . Combined cuts refers to the simultaneous use of both slide 
and turret tools. In bar work combined cuts are especially desirable. 
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as additional support is given to the work, thereby eliminating spring 
and chatter. In chucking work, internal operations such as drilling 
or boring, may frequently be combined with turning or facing cuts 

from the square turret Time 
also may be saved by taking 
multiple cute—that is, having 
two or more tools mounted on 
one tool station. Figure 7 
shows both boring and turn¬ 
ing tools set up on one station 
of the turret. 

To illustrate the method of 
tooling and sequence of oper¬ 
ations for a ^ven job, a basic 
hexagon-turret setup for mak¬ 
ing necessary internal cuts on 
a threaded adapter is shown 
in Figure 8. Figure 9 shows 
the details of the internal cuts required to machine the adapter. 
With reference to the sequence shown in Figure* 9, the various 
operations are: 



Rg. 6. "Cembinad Cuts" on bar work 
(Ceurtosy Wamar E Swatay Manufacturing 
Company.) 



Rg. 7. “Muitiplo Cuts*' from haxagon hin^rt. (Courtaty Wamar A Swatay Manufae* 
turing Company.) 

1. The bar stock is advanced against the combination stock stop 
and start drill and clamped in the collet. The start drill is then 
advanced in the combination tool, and the end of the work is 
centered. 

2. The hole through the solid stock is drilled the required length. 
8. The thread diameter is bored to correct size for the threads 

specified. A stub boring bar in a slide tool is used. 

4. The drilled hole is reamed to size with the reamer supported 
in a floating holder. 
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Fig. 8. B«ile iMxagen-turrat setup illustrating tke correct sequence of operations to 
handle required Internal cuts on threaded adapter shown in insert. (Courtesy Werner 
A Swasey Manufacturing Company.) 


5. A groove Jb* thread clearance is recessed. For this operation 

a quick-Acling ^de tool is used with a recessing cutter mounted in 
a boring bar. • 

6. The thread is cut with a tap held in a clutch tap and die holder. 
For odd'sized threads a single-point tool |nay be used. This opera¬ 
tion is followed by a cutting-off operation not showm in the figure. 

Another example of tooling is illustrated in Figure 10. in this 
case the tool setup is for a shoulder stud shaft made of 2^-inch bar 
stock. The tooling shown is for a quantity of parts and is slightly 
more complicated than a setup for producing only a few. With one 
exception, all operations are external cuts. As shown in the figure, 
the tools used for the respective operations are as follows: 

Operations and Tools used 

Operation Hexagon Turret Square Turret 

1 Feed stock to stop 

2 Turn (S), (4), and (5) diameter Turn (6) and (7) to diameter 
Face and chamfer (2) 

3 Center drill (1) 

4 Support (1) with center Neck cuu (8), (9), and (10) 

with back tools 


5 

6 


Thread <S) 


Cut-off and chamfer 







Rq* Sthip for moeMnlng Intomol eporattem on throodod adaptor. (Cowtoay 
Wamor i Swawy Mamifaoturinf Company.) 
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Based on an output of 120 pieces the time per piece is estimated 
to be: 


Setup time per piece 
Work-handling time per piece 
Machine-handling time per piece 
Cutting time per piece 


1 minute 
^ minute 
minute 
5v^ minutes 


Total production time 


7 Vi minutes per piece 


A few of the tools used in turret-lathe work are illustrated in 
Figure 9. These tools are so designed that they may be quickly 
mounted in the turret and adjusted for use. In addition to the 



Rg. 10. Teel setup fer sheulder stud shaft, (Ohurtesy Warner ft Swasey Manufae- 
turinf Company.) 


usual operations of drilling, boring, reaming, and internal threading 
shown in the figure, various other threading, centering, and turning 
tools are available. Internal threading is frequently done with 
collapsible taps to facilitate quick removal of the tool. For the same 
reason automatic die head cutters which open at the end of the 
thread are used for external threads. 

For outside turning a box tool, shown in Figure 11, has been 
developed. As bar stock is supported only at the collet, additional 
support must be [Provided in order for heavy cuts to be taken. This 
is done by means of two rollers which contact the outside diameter 
of the stock and take up the thrust of the cutting tool. Adjustment 
of the rolls for varying diameter work is controlled by two setscrews 
at the top of the holder. When the rolls are set slightly fiehind the 
cutting tool, they tend to smooth out or burnish the surface. How- 
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ever, if the turned diameter must be concentric with the adjacent 
surface, the rolls are set ahead and adjusted to its diameter. For 
light cuts, a similar box tool which supports the work by means of a 
V*back rest can be used. Cutters ^re held in position by two set- 
screws, and the lever at the back of the assembly is for the purpose 
of withdrawing the cutter from the work on the return stroke to 
prevent marking. 



Fi^. 11. Bex tool for bar stock. (Courtesy Warner & Swasay Manufaeturinq Company.) 

Controlled $plndlo turret lathe. In order to eliminate the 
excessive machine handling time on many geared head lathes, con¬ 
trolled electrocycle lathes have been developed for both ferrous and 
nonferrous machining. This lathe, shown in Figure 12, is arranged 
so that all spindle speeds and headstock operations can be preset 
and automatically controlled through a complete cyde of operations. 
The cycle is actuated and controlled by the hexagon turret as it is 
moved to successive stations by the operator. At the beginning of 
the cycle, the headstock spindle is started as the turret moves forward, 
and, from then on, all spindle operations such as speed changes, 
reversing, stopping, and positioning of spindle are automatic in 
accordance with the prearranged cycle. By controlling the cycle, the 
machine handling time of a job is reduced and the operator is re¬ 
lieved of a considerable amount of work. Experienced operators 
are not essential. 

Autemetle kerkental turret lathe. The automatic turret lathe 
in Figure 13 resembles in appearance the standard saddle-type 
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machine, but it is completely automatic in operation to the extent 
that one operator can handle two or more machines. The hexa^nal 
turret is hydraulically operated and is provided with rapid traverse 
and automatic changeover to the proper feed at any point. There 
are two cross slides which lean be operated singly or together. 
The movement of these slides is controlled by cams actuated by the 
forward movement of the turret. Machines of this type are used on 
long-run chucking jobs, where the expense of setting up and tooling 
can be spread over many parts. The advantages of automatic opera¬ 
tion are elimination of the human element from the time cycle, possi¬ 
bility for the operator to attend several machines, and faster rate of 
production. 

Vertical fumt Mhm* A vertical turret lathe is a machine resem¬ 
bling a vertical boring mill, but having the characteristic turret 
arrangement for holding the tools. It consists of a rotating chuck 
or table in horizontal position, with the turret mounted above on a 
cross slide. In addition, there is at least one side head provided with 
a square turret for holding tools. All tools mounted on the turret or 
side head have their respective stops set so that the length of cuts can 
be the same in successive machining cycles. It is, in effect, the same 
as a turret lathe standing on the headstock end, and it has all the 
features necessary for the production of duplicate parts. This 
machine was developed to • facilitate the mounting, holding, and 
machining of heavy parts. ()nly chucking work is done on this kind 
of machine. 

In Figure 14 is shown a 464nch vertical turret lathe. This machine 
is controlled with three cutter heads, the swiveling main turret head, 
the ram head, shown at the left, and the side head. The turret and 
side heads function in the same manner as the hexagonal and square 
turrets on a horizontal lathe. In order to provide for angle cuts, 
both the ram and turret heads may be swiveled SO degrees right or 
left of center. The side head has rapid traverse and feed, inde¬ 
pendent of the turret and without interference provides for simul¬ 
taneous machining, adjacent to operations performed by the turret. 
The ram provides another tool station on the machine which can 
be operated separately or in conjunction with the other two. 

A modification of this machine is known as the Man-Au-Trol 
vertical lathe. Its outstanding feature is that each head can be 
automatically controlled in all functions, including rate and direction 
of feed, change in spindle feed, indexing of turret, starting,^ and 
stopping. Once a cycle of operations is preset and all tools are 
properly adjusted, the operator need only load, unload, and start 
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the machine. The production rate of these machines is greatly 
increased ovct those manually operated, because they operate almost 
continuously and make all changes from one operation to another 



Fig. 14. Vertical turret lathe. (Ceurteiy The Bullard Company.) 


without hesitation or fatigue. By reducing the handling time and 
making the cycle automatic, an operator can attend more than one 
machine. 

Ayfomatic, vyrttcal mulftifaflou lathy. Machines of this type, 
as illustrated in Figure 15, are designed for high production and are 
usually provided for either five or seven work stations and a loading 
position. In some machines two spindles are provided at each sta¬ 
tion, doubling the capacity for small-diameter work. The work to t>e 
machined is mounted in chucks, the larger machines having chuck¬ 
ing capacities up to 18 inches in diameter. Both plain and universal 
heads may be used, the latter providing for tool feed in any direction. 
All varieties of machining operations can be performed, including 
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milling, drilling, threading, tapping, reaming, and boring. The 
advantage of this type of machine is that all operations can be done 
simultaneously. In actual operation all tools are fed to the work, 
held in chucks or fixtures, at the respective loading stations. When 
all operations are complete, the tools or work move vertically out of 



Fig. 16. Multistation vortical chucking latho. (Courtesy The Bullard Company.) 


the way, the work table indexes one station, and the operations are 
repeated. The lime between indexing operations is controlled by 
the time of the longest single operation. 

Similar multispindlc machines are available which operate on a 
somewhat different cutting principle. The work is rotated and fed 
past a stationary single-point tool. The cutting tool is controlled by 
a profile cam which imparts the form to the work. Only turning 
operations, such as the machining of shells, can be performed on 
this machjne. 

Automatie Lathos 

Lathes that have their tools automatically fed to the work and 
withdrawn after the cycle is complete are known as automatic lathes. 
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Since most lathes of this type require that the operator place the 
part to be machined in the lathe and remove it after the work is 
complete, they are perhaps incorrectly called automatic lathes. Lathes 
that are fully automatic are provided with a magazine feed so that a 
number of parts can be machined, one after the other, with little 
attention from the operator. Machines in this group differ princi¬ 
pally in the manner of feeding the tools to the work. Most machines, 
especially those holding the work between centers, have front and 



Fig. 16. Eight-inch Fay automatic lath* fotup for turning diameters of electric motor 
stetors end chamfering the ends. (Courtesy Jones & Lamson Machine Compeny.) 


rear tool slides. Others, adapted for chucking jobs, have an end jtool 
slide located in the same position as the turret on the turret lathe. 
These machines may also have the two side-tool slides. Still another 
construction employs a flat table in front of the chucking spindle, on 
which can be mounted tool slides at any angle or in any position. 
Eadi tool slide has individual feed and receives its power from 
individual drive shafts at the end of the machine. Several types of 
automatic lathes are described in the following paragraphs. 

An automatic lathe featuring the automatic handling and sorting 
of workpieces, gaging of the finished diameters, and automatic tool 
adjustment to compensate for tool wear is shown in Figure 16. The 
overhead carrier for handling workpieces has two arms, the rear 
one for picking up incoming pieces and placing them in the fixture, 
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and the front one for removing the finished part and depositing 
it on a classifying conveyor in front of the machine. Oversized and 
undersized parts are placed on their respective conveyors, which are 
parallel with the machine. 



R 9 . 17. Simptimsttc autemstic latha. (Courtaiy GUlioH Machina Company.) 


The turning tool, locatAl on the front slide, is a carbide 

disk which can be fed into the work at 0.0002-inch steps and rotated 
in steps so as to use its entire periphery. The chamfering tools and 
gaging head are mounted on the rear slide. The machine control 
compensates for tool wear after several pieces approach the tolerance 
limit. If two pieces in succession fall outside this limit, the machine 
stops and an indication of the cause is shown on the operator’s panel. 

An automatic lathe, known as a platen-type Simplimatic, is shown 
in Figure 17. Designed primarily for chucking jobs, it is provided 
with front and rear tool slides, mounted on the platen or table 
end of the machine. All tools feed simultaneously, performing turn¬ 
ing, facing, boring, and chamfering operations at one time. Power 
for feeding the tools comes to the tool slides from one end through 
universal couplings and drive shafts. At the end of the cycle the 
slides retract, and the platen moves back to facilitate unloading. 
The entire operation of the machine is automatic, and the operatm: 
has only to load and unload the machine. Platen-type machines 
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jhave considerable flexibility in the mounting of the various tool slides 
and can be adapted to a variety of jobs. 

A single-spindle, automatic chucking machine, of somewhat differ¬ 
ent design, is shown in Figure 18. This machine uses two cross slides 
and an overhead pentagonal turret for holding the tools. AH are 
operated by cams which are permanently set and do not have to be 



Rg. to. SingU-spindl* Automatic chucking machine. (Courtesy Warner ft Swaiey 
Manufacturing Company.) 

changed at any time. ' Automatic control of the spindle speeds, feeds, 
indexing, and length of cutting stroke are provided by adjustable 
trips in a selector drum. Accessibility of all tools and controls reduces 
setup time to a minimum. 

Automatic jathes have been developed primarilv for quantity pro¬ 
duction and have done much to reduce machining costs of many 
parts. All the machines described are rugged in construction and are 
capable of using modern, high-speed cutting tools. Versatility is 
sacrificed in some machines, but this is not an important consideration 
in long-run jobs. The selection of the proper machine for a job 
which must be carefully considered is influenced by such factors as 
work size and shape, type of machining to be done, ease of setting up 
tools, and number of parts to be machined. 
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Duplieatbi^ LathM 

Although the engine lathe is a versatile machine, it is not widely 
used on quantity production jobs because the setting and accuracy 
o£ each cut is largely dependent on the skill of the opemtor. Lathes 
provided with duplicating features eliminate hand setting of the 
tools and frequent checking of measurements by having the tool 
controlled by a tracer point which follows a template mounted on 



FIfl. It. CloM>up of duplicating lathe with 45*dagraa tool rait tracer slide. (Cour¬ 
tesy The Lodge & Shipley Company.) 


the rear of the lathe. Such lathes are rapidly replacing automatic 
lathes. It has been found that many Jobs formerly done on auto¬ 
matic lathes can be produced much more cheaply on a tracer-con¬ 
trolled lathe, using only a single-point tool. Tool expenses are 
materially reduced, and the problem of tool setup is greatly simplified. 

Figure 19 shows a duplicating lathe arranged for using a round 
template between centers at the rear of the machine. The tracing 
stylus at the rear of the cross slide is hydraulically operated and 
controls the tool movement by contact with the template. A con¬ 
ventional turning tool is used, and the cut taken is a continuous. 
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uninterrupted vne which duplicates the exact shape of the template. 
The template may be either flat or cylindrical, the latter design being 
more economical, because it permits standard workpieces to be used 
as templates. The tool rest, at a 45-d^;ree angle to the work axis, 
is a special feature of this machine. This permits cutting square 
shoulders, as well as tapers and radii, by compensating for the 
continuous longitudinal movement of the carriage. The 45-degree 



Rg. 20. NliMty*d*gr«« tracar slide duplicating lathe. (Courtesy The Lodge ft 
Shipley Company.) 

e 

tool rest tracer is the conventional arrangement for longitudinal 
and cross duplicating and is furnished by most lathe manufacturers. 

A 90-degree tracer slide duplicating lathe is shown in Figure 20. 
This machine utilises either flat or round templates and has the 
advantage of having a standard tool rest which operates at 90 de¬ 
grees. This permits changing the machine quickly from tracer con¬ 
trol to regular lathe work. A limitation of this arrangement is that 
facing operations cannot be done with the tracer attachment. How¬ 
ever, it will square shcAtlder faces, turn tapers in both directions, 
cut chamfers, and turn both straight diameters and curved contours. 
A flat triangular stylus is used to control the starting and stopping 
of the longitudinal feed as well as the direction of cross slide travel. 
Any change in contour on the template which causes deflection of 
the stylus stops the carriage travel. The cross slide then feeds out 
until the stylus clears the shoulder, at which point the carriage 
automatically resumes travel. 
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Advantages claimed for tracer-controlled lathes include lower tool¬ 
ing and setup costs, accurate reproduction of parts with a minimum 
amount of checking required, elimination of need for form tools, and 
no delays during the operation, since cutting ts continuous. Although 
the machines described are hydraulically and mechanically con¬ 
trolled, pneumatic and electric controlling attachments can be used. 
Frequently two systems are used in combination. Work specially 
adapted for quantity production includes drive shafts, axles, valve 
stems, piston rods, arbors, and bevel gear blanks. Flanged parts 
such as pump impellers, gas-turbine compressor wheels, and cylinder 
heads may duplicated on 45-degree tracer units using the cross¬ 
feed and a flat template. 

Aiifomafie Scrow Mochinot 

The automatic screw machine was invented by Christopher N. 
Spencer of the Billings and Spencer Company about 75 years ago. 
The principal feature of the invention was to provide a controlling 
movement for the turret so that tools could be fed into the work at 
desired speeds, withdrawn, and indexed to the next position. This 
was all accomplished by means of a cylindrical or drum cam located 
beneath the turret. Another feature, also cam-controlled, was a 
mechanism for clamping the work in the collet, releasing it at the 
end of the cycle, and theq feeding the bar stock up against the stop. 
These features are still d'sed in about the same way as originally 
worked out. 

An automatic screw machine is essentially a turret lathe designed 
to use only bar stock. It is so named, because the first machines of 
this type were used mainly for manufacturing bolts and screws. Since 
it can produce parts one after the other with little attention from the 
operator, it is naturally called automatic. Most automatic screw 
machines not only feed in an entire bar of stock but also are provided 
with a magazine so that several bars can be fed through the machine 
automatically. 

Automatic screw machines may be classified according to the type 
of turret used or the number of spindles the machine has. Mul¬ 
tispindle machines, however, are not usually spoken of as screw 
machines, but rather as multispindle automatics. The type of work 
that the two machines do is the same, although there is considerable 
difference in the design and production capacity. 

Slagl9"SpMl0 aatomafic* In Figure 21 is illustrated an auto¬ 
matic screw machine designed for bar work of small diameter. This 
machine has a cross slide, capable of carrying ttx>ls both bout and 
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rear, and a tqiret mounted in a vertical position on a slide with 
longitudinal movement. The two disk cams controlling the cross 
slide are directly underneath and are driven by the front drive 
shaft. Also mounted on this same drive shaft are three disk-shaped 



Rg. 21. Auiomstie teraw maehin*. (CouHwty Brown ft Sharp* Manufacturing 
Company.) 

a 

carriers, upon which are mounted dogs to engage various trip levers 
to control the operation of the machine. The one to the extreme 
right controls the indexing of the turret; the center one controls 
the collet and feeding of the stock; and the one to the left, the rota¬ 
tion and speed of the spindle. The various tools used in the machine 
are mounted around the turret in a vertical plane in line with the 
spindle. This is more clearly illustrated in Figure 22, which shows 
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the turret steup for making a small aluminum coupling. All usual 
machining operations, such as turning, drilling, boring, and duread* 
ing. can be done on these machines. The type of bar stock used. 

whether round, square, hexago¬ 
nal, or of some special shape, is 
determined by the cross section 
preferred in the finished prod¬ 
uct. Collets for any commer¬ 
cial shape are available. 

llie machine shown in the 
figure is usually equipped with 
an automatic rod magazine to 
keep it supplied with material 
for a period of time. When a 
rod of material is completely 
used, the machine stops, and 
another rod is fed into the 
collet up to the stop. The ma¬ 
chine then automatically re¬ 
sumes operation. In addition 
to attending several machines, the operator checks the work and 
tools and sees that the magazines are supplied with materials. 

Swlai-fyp* teniw matt/nm. In Figure 23 is shown the end view 
of a Swiss-type screw madiine developed for precision turning of 
small parts. The single-point tools used on this machine are placed 
radially around the carbide-lined guide bushing through which the 
stock is advanced during machining operations. Most diameter turn¬ 
ing is done by the two horizontal tool slides, while the other three 
are used principally for such operations as knurling, chamfering, 
cutting off, and recessing. The stock is held by a rotating collet in 
the headstock back of the tools, and all longitudinal feeds are ac¬ 
complished by a cam which moves the headstock forward as a unit 
This forward motion alvances the stock through the guide bushing 
and to the single-point tools which arc controlled and positioned 
by cams. By coordinating their movement with the forward move¬ 
ment of the stock, any desired shape can be turned. Diameters on 
slender parts can be held to tolerances ranging from 0.0002 to 0.0005 
inch. 

American-made machines of this type vary in sizes from % 2 * 
inch maximum capacity. Their use is fairly well limited to slender 
workpieces that would be difficult to do on ordinary automatic 
screw machines. These machines excel in small precision work and 



Rg. 22. Autematie teraw maeMna fooling 
for making aluminum coupling. (Courfaty 
Brown i Skarpa Manufacturing Company.) 
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can fnquently complete jobs that by other means would require 
several machine settings. Pinion shafts, gear blanks, pivots, and 
balance staffs are typical of the small parts made for watches and 
instruments. 



Rg. 23. End vinw of Sw{s»4ypo sernw nwchino showing roehor enm and teot«cenfrol 
moehnnism. (Courtosy Gnorgo Gorton Mnehino Company.) 

MulfhpMh OBtomufic. Multispindle automatic machines axe 
the fastest type of production machines for bar work. They are 
fully automatic in their operations and are made in a variety of 
models, with two, four, five, six, or eight spindles. In these machines 
all spindles operate simukaneously, and one pieo; is completed eadi 
time the tools are withdrawn and the spindles indexed. 

The general construction of a multispindle automatic is shown 
in Figure 24. The spindles carrying the bar stock are all held and 
rotated in the spindle carrier. Opposite each spindle are mounted 
the necessary tools for the respective operations. Most of the tools 
are support^ on the end tool slide, which is centrally located with 
reference to all spindles. This tool slide does not index or revolve 
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Rg. 24. Cemtnietioii fMfum ol « d^pindle horimntaf witematie bar maehtna. (Cmirtaay Tlia Nafienal Aama Company.) 
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with the spindle carrier but slides forward and back on the stem 
shaft to carry the end working tools to and from contact with the 
revolving bars of stock. Both above and below the spindle carrier and 
end tool slide are two cross slides on which side<utting tools can be 
mounted. In six- and eight-spindle models there ate two additional 
intermediate or side slides. All slides are independently operated 
and are used in combination with end-slide tools for such'operations 
as form turning, knurling, thread rolling, slotting, and cutting off. 



R 9 . 2S. SpindU astsmbly and tool clidas for 6 -ipindlo automatic icrow madiino. 
(Courtesy Groanioa Bros. & Co.) 


Bars of stock are loaded into each spindle when it has been in¬ 
dexed to the first position. If automatic stock feeding is used, it is 
done in the lower spindle pasition at the rear of the machine. In 
operation, the spindle carrier is indexed by steps to bring the bar of 
stock in each of the work spindles successively in line with die various 
tools held on the tool slides. All tools in the successive positions are 
at work on different bars at the same time. The time to complete one 
part is equal to the time of the longest operation plus the time 
necessary for withdrawing the tools and indexing to the next position. 
This time can frequently be reduced to a minimum by dividing the 
long cuts between two or more operations. 

The drive for the multispindle automatic is somewhat compli¬ 
cated, as all tool operations and machine movements are automati- 
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cally controlled. The motor, mounted on the end o£ the machine 
opposite the spindles, operates the entire machine. The main drum 
shaft is located below the spindles and extends the full length of the 
machine. This shaft, with its several drum cams and gear connec* 
tions, controls all tool movements, indexing, stock feeding, and 
timing of operations. 

In Figure 25 is shown the spindle assembly of a six-spindle auto¬ 
matic screw machine in which the respective cross slides provided 
for each spindle are distributed radially about the spindle carrier. 
These slides hold the tools for turning, knurling, and cutting off, and 
each is operated by a separate cam. The balance of the tools for 
such operations as drilling and threading are mounted on the main 
center slide which is moved to the point where the feed starts through 
an intermittent gear. Bar stock may be fed in at two stations to 
permit the completion of two pieces in one cycle, or, if desired, the 
machine can be equipped with magazine feed. 

Multispindle automatics are not limited to bar stock but may 
be provided with hydraulic or air-operated chucks for holding indi¬ 
vidual pieces. In some cases the chucks are loaded by the operator; 
in others magazine feeders are arranged to load the machine at one of 
the lower stations. Machines of this type are known as multispindle 
automatic chucking machines and are similar to the bar madiines 
except for the stock-holdipg equipment. 

The four-spindle automatic chucking machine, shown in Figure 26, 
is machining cast-iron gears according to the operation schedule 
listed in the insert. By uskig combined and multiple cuts, as is done 
at the second and third stations, the number of operations required 
is reduced to a minimum. 

A great many attachments to permit almost any type of machine 
operation are available for these machines. Both solid and self¬ 
opening dies and taps may be applied in position to suit the work. 
Taper turning, combined taper turning and taper boring, or recessing 
attachments are applied to the end tool slide. A spindle-stopping 
mechanism can be arranged for such operations as milling, slotting, 
and cross drilling. Many machines are provided with a small chip 
conveyor which picks up the chips beneath the tooling area and 
dumps them into a container at the end of the machine. To assist 
in production records, a chronolog can be used to count the produc* 
tion and record the idle time of the machine. 

A great variety of parts can be produced by a multispindle auto¬ 
matic, the only limiting factor being the capacity of the machine. 
Long-run jobs are necessary to offset the high initial investment, 
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t. Machining eatt>iron cylinder gear on a 44pindle aufomatie. (Ceurfeay The 
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high maintenance, and expensive tooling costs. Both single*spindle 
automatics and hand-turret lathes have wide application and in 
short- and medium-run work prove to be economical in operation. 
Each machine is good in its held, but care must be taken in making 
the initial selection. 


REVIEW QUESTIONS 


1. Prepare a classification of turret and automatic lathes. 

2 . How does a turret lathe difTct from an engine lathe? 

3. Distinguish between the ram and saddle types of turret lathes. 

4. What advantages ai-e to be gained in the use of a controlletl spindle turret 
lathe? 

5. List the various devices for holding stuck on a turret lathe. 

6. What type of spring collet is recommended for bar work? 

7. What are some of the distinguishing characteristics of automatic lathes that 
make them different from engine lathes? 

8. What four factors make up the total production in turret lathe operation? 

9. What is meant by the terms “combined cuts" and "'multiple cuts"? 

10. How is bar stock supported so that it will not deflect when being cut? 

11. Show by sketch the tool setup for making i4-by-2i/4-inch hexagon-head 
machine bolts. 

12. Prepare an operation sheet for the bolt described in Problem 11. 

13. What is the purpose of ea 9 h of the following: box tool, automatic die head, 
square turret, spring collet, and bar stop? 

14. What type of work is done on a vertical turret lathe? 

15. Explain the operation of a vertical automatic multistation lathe. 

18. What type of work is done on a platen-type automatic lathe? 

17. Describe the construction and operation of a Swiss-type automatic saew 
machine. 

II. Describe the operation of an automatic multispindie screw machine. 

19. What advantages do duplicating lathes have over automatic lathes? 
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THREADS 

AND 

THREAD CUTTING 


A screw thread is a ridge of uniform section, in the form of a helix, 
on the surface of a cylinder. The terminology relating to screw 
threads is clearly illustrated in Figure 1. Screw sizes are expressed 
by the outside or major diameter and the number of threads per inch. 
Thus a ^-inch 13-thread stud indicates a screw ^ inch in diameter 
and having 13 threads per inch. Pitch is expressed by a fraction with 
1 as the numerator and the number of threads per inch as the de¬ 
nominator. Thus, a screw having 16 single threads per inch has a 
pitch oi y^Q. It should be kept in mind that only on single-threaded 
screws does the pitch equgl the lead. By deiinition|^e lead is the 
amount a screw advances axially in one revolution. Hence, on a 
double-threaded screw the lead is twice the pitch, on a triple-threaded 
screw the lead is three times the pitch, and so on. 

Screw threads are used principally on fasteners such as madilne 
bolts, stove bolts, and wood screws. Threads of this nature are simple 
in design and easy to produce. The usual form is a V, although there 
are several slight variations of this form. 

Another use for screw threads is to transmit power. The mechani- 
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cal advantage obtained in the ordinar>’ screw jack illustrates this 
application. Closely assodated with this is the use of threads for 
transmitting motion, such as the lead screw on a lathe. 
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Fig. I. American National Form Thread. 


Finally, screw threads a^e employed for such measuring devices as 
micrometers. Screw threads sometimes fulfill several of these uses. 
For example, the screws controlling the work table of a milling 
machine may be used either for accurate measuring or for controllii^ 
the table movement. The form in which the screw is made is 
naturally influenced by the function it has to fulfill. 

Typ«f of Seraw ThrMdt 

Screw threads have been standardized according to their cross* 
sectional form^ Figure 2 shows the common forms in use and the 
relationships that exist between the pitch and the principal dimen* 
sions. All bolts and similar fasteners have V-shaped threads, as 
shown in A of the figure. There are two standards in the United 
States that utilize this form of thread, namely, the National Coarse 
Screw Thread and the National Fine Screw Thread. The National 
Fine series differs from the National Coarse series only in having 
more threads per inch for a given size. Such threads have been 
adopted by the automotive and aeronautical industries, since there is 
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less tendenqr for them to work locne because of vibrations. This type 
of thread is charaaerized by a small flat on top and at the root of the 
thread, which adds to its strength. V*type threads without these flats, 
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shown at B, have a greater tendency to fail at the sharp root comers 
when subjected to loading conditions. The International Standard 
Metric Thread shown in D is essentially the same as the National 
Standard except for a smaller fiat at the root and a different number 
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of threads per unit distance. From a standpoint of design, the Whit¬ 
worth Standard used in England is perhaps better than any of those 
already mentioned, as the filleted top and root add strength to the 
thread by eliminating sharp comers where fatigue cracks may start. 
This thread, shown at C in the figure, is gradually being replaced by 
the Unified Standard shown in Figure S. The Acme thread shown 
at F is principally used for the transmission of power and motion. 
It has an advantage over other similar screws in that wear may be 
compensated for by adjusting the half nuts in contact with the screw. 
This would be impossible with the square threads shown at £. An¬ 
other advantage of the Acme over the square thread is that it may be 
cut with suitable taps and dies. Square threads are more suitable for 
transmitting power where there is a large thrust on one side of the 
thread. These threads, however, cannot be cut with taps and dies 
and must be machined on a lathe. Another ty|}e, similar to the 
square thread, is known as a buttress thread. It has one side that 
sloj^es 45 degrees; the other is perpendicular. The principal applica¬ 
tion of this thread is to transmit power, although it has the disadvan¬ 
tage that the thrust can be in only one direction. Worm threads are 
similar to the Acme Standard except that they have a greater depth. 
I'his form of thread is used exclusively for worm-gear drives. 

I'he new, unified screw-thread standard, shown in Figure 3, was 
adopted recently by Britain, Canada, and the United States. It is 

similar to the present Ameri¬ 
can Standard and in most 
applications will be inter¬ 
changeable with it. The great¬ 
est change in tooling will 
occur in Britain since they 
have changed from the 55- 
degree angle of the Whitworth 
system to the 60-degree Ameri¬ 
can Standard angle. The 
basic width of the nut is V4 
pitch, whereas that of the 
screw is ^ pitch. This in¬ 
creased flat on the nut facilitates tapping and at the same time has 
proved to be just as serviceable. The shape of the thread crest and 
root is not mandatory and may be either flat or rounded. Actually 
it approximates the shape obtained from a worn tool and is similar 
to many threads product under the American Standard. 


INTERNAL THREAD 

-P- 



• ee 

netCruf 

fPiMtUitm 


EXTERNAL THREAD 
Pi9. 3. Unifitd Kr*w-tkr*Mi standard. 



METHODS OF MAKING THREADS 


421 


Pipe threads have been standardiied acconling to the American 
National Sundard shown in Figure 4. To insure tight joints, the 
threap has a taper of % inch per foot. The threads have the con¬ 
ventional V shape, except for the last four or five, which have flat 
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tops. These last threads all have imperfect bottoms, as shown in the 
figure. The usual method of cutting these threads is with suitable 
taps and dies, althougli they may also be cut on a lathe by using the 
taper attachment. 


Methods of Making Threads 

External threads may be produced by the following manufacturing 
processes: 

1. Cutting to shape on an engine lathe. 

2. Using die and stock (manual). 

3. Automatic die head (turret lathe). 

4. Milling machine. 

5. Threading machine (plain or automatic). 

6. Rolling between dies (flat or circular). 
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7. Die easting. 

8. Grinding. 

IntemaL threads may be produced by: 

■ 

1. Cutting to shape on an engine lathe. 

2. Using tap and holder. 

S. Automatic collapsible tap. 

4. Milling machine. 

Cutting fftreadt on a lotko. The lathe is the most versatile of 
all machine tools for cutting threads, since on this machine it is pos¬ 
sible to cut all forms of threads: however, the lathe is usually selected 
when only a few threads are to be cut or when special forms are 
desired. The form of the thread is obtained by grinding the tool to 
the proper shape. To insure getting the proper shape, a suitable 
gage or templet should be used. Figure 5 shows a cutter bit ground 
for cutting 60-degree V threads and the gage which is used for check¬ 
ing the angle of the tool. This gage is known as a center gage, since 
it is also used for gaging lathe centers. Special form cutters, as shown 
in Figure 7, can also be used for cutting these threads. These cutters 
are previously shaped to the correct form and are sharpened by 
grinding only on the top face. 

In setting up the tool fo^r V threads, there are two methods of feed¬ 
ing the tool. First, the tool may be fed straight into the work and 
the threads formed by taking a series of light cuts, as shown at A in 
Figure 5. With this metbod there is cutting action on both sides of 
the tool bit. The disadvantage of this method is that it is impossible 
to provide any side rake on the cutting tool, although some back rake 
may be obtained. On materials such as cast iron or brass, where little 
or no side rake is recommended, this, method is satisfactory. How¬ 
ever, in cutting steel threads it is advisable to use a side rake on the 
tool. This necessitates feeding the tuul iii at an angle, as shown at 
B and D. To do this, the compound rest is turned to an angle of 
29 d^ees, and, by using the cross-feed on the compound rest, the 
tool is fed into the work so that all cutting is done on the left-hand 
side of the tool. The tool bit, being ground to an angle of 60 de¬ 
grees, allows 1 degree of the right-hand side of the tool to smooth off 
that side of the thread. 

It is necessary that the tool be given a positive feed along the work 
at the proper rate to cut the desired number of threads per indi. 
This is accomplished by a train of gears located on the end of the 
lathe, which drive the lead screw at ^e required speed with relation 
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E. THREADINO DIAL 

Rg. 5. Method of sotting tool for throod cutting on iotho. 

to the headstock spindle. This gearing may be changed to cut any 
desired pitch of screw. The lead screw, in turn, engages the half nuts 
on the apron of the lathe, providing positive drive for the tool. 

The older-type, standard change-gear lathes require that the gears 
be changed manually. Referring to Figure 6, one may see the usual 
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arrangement of gears on such lathes. The spindle gear drives 
through the small reversing gears to the xtud gear. As shown in the 
figure, both the reversing or tumble gears are in mesh. When the 
hand lever is raised one of the gfcars is thrown out of mesh, and, if 
one gear is eliminated from the train, the rotation of the lead screw 
is reversed. The speed ratio from spindle gear to stud gear is 1 to 1, 
or, in other words, there is no increase or decrease in the rotational 
speed of the stud gear. Keyed to the stud gear, is another gear called 



Fig. 4. SiigpU gtaring at aiHl of lath*. 


the driving gear. It connecu with the lead-screw gear by means of an 
idler. In simple gearing tliie only two gears to be changed are the 
driving and lead-screw gears. The correct selection of these gears 
depends on the number of threads to be cut and the pitch of the 
lead screw. 

Assume, as an example, that it is desired to cut a thread with 13 
threails per inch on a lathe having a lead screw with 8 threads per 
inch. If the ratio from driving gear to lead-screw gear is 1 to 1, the 
tool will advance % inch for each revolution of lead screw and will 
cut 8 threads per inch. In order to cut 13 threads per inch, the 
lead-screw speed must be slowed down somewhat in relation to the 
spindle speed. The ratio that must exist in this case is 8 to 13. 
Hence, a driving gear and a lead-screw gear having this ratio will 
cut the desired thread. The rule for determining the proper gear 
ratio is: 

Number of threads on lead screw 
Number of threads to be cut 

In this case the ratio is 8 to 13. 
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By multiplying both the numerator and denobiinator by a number, 
the ratio may be expressed as numbers of teeth in each gear. Hence, 

8 X S 24r (driving gear) 

13 X 8 ** 39T (lead-screw gear) 

If no gears are available with these numbers of teeth, some other 
multiplier must be used, or, if the ratio is too large, compound gear¬ 
ing is necessary. 



Fig. 7. Thraad cuffing on • lafhc. (Courfcsy Sewfh Bend Lafhc Work*.) 

All the newer-type lathes are provided with quick-change gearboxes, 
as shown in Figure 1 and 2 of Chapter 16. No computation is neces¬ 
sary, because the chart on the cover of the gearbox states the correct 
position of levers needed to obtain the number of threads per inch. 

After the lathe is set up. the cross-feed screw is set at some mark on 
the miorometer dial, and a light cut is taken to check the pitch of the 
thread. At the end of each successive cut, the tool is removed from 
the thread by turning back the cross-feed screw. This is necessary, 
since any back play in the lead screw would prevent the tool frmn 
returning in its previous cut. The tool is returned to original posi¬ 
tion, the cross-feed screw is set at the same reference mark, the tool 
is fed the desired amount for the next cut, and another cut is taken. 
These operations are repeated until the thread is cut to a proper 
depth. To check the work a ring thread gage or a standard nut is 
used. Figure 7 illustrates the tool setup for thread cutting on a 
lathe. 
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Rg. 8. Thraadlng dial on lath*. (Couf^ 
tasy South Band Lath# Worb.) 


Most lathes are equipped with 
a thread dial indicator as shown 
in Figures 5 and 8. Close by the 
dial is a lever (shown in Figure 
8) which is used to engage and 
disengage the lead screw with a 
matching set of half nuts in the 
carriage. At the end of each cut. 
the half nuts are disengaged and 
then rc-engaged at the correct 
time so that the tool always fol¬ 
lows in the same cut. The indi¬ 
cator is connected to the lead 
screw by means of a small worm 
gear, and the face of the dial, 
which revolves, is numbered to 
indicate positions at which the 
half nuts may be engaged. The 
position at which the half nuts 


should be closed depends on the size of thread, as follows: 


1. For even-numbered threads: any line on the dial. 

2. For odd-numbered thaeads: any numbered line. 

3. For threads involving* half threads: any odd-numbered line. 

4. For threads involving quarter threads: return to original starting 
point each time. * 


Tops ood dfles. Taps are used principally for the manual produc¬ 
tion of internal threads, although with proper mounting they may 
also be used in machine threading. Figure 9 is a graphic illustration 
of a tap with the various parts of the tool labeled. The tool itself is 
a hardened piece of carbon or alloy steel resembling a bolt, with flutes 
cut along the side to provide the cutting edges. For hand tapping 
these are furnished in sets of three for each size, as shown in Figure 
10. In starting the thread, the taper tap should be used, since it in¬ 
sures straighter starting and more gradual cutting action on the 
threads. If it is a through hole, no other tap is needed. For closed 
or blind holes where it is desired to have threads to the very bottom, 
the taper, plug, and bottoming taps should all be used in the order 
named. Many other taps are available and are usually named accord¬ 
ing to the kind of thread they are to cut. 

In all cases, where a hole is to be tapped, the hole that is drilled 
before the tapping operation must be of such size as to provide the 
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necessary metal for the threads. Such a hole is said to be a *‘tap-siu^‘ 
hole. If a %-inch, 16-thread hole is to be cut, the tap-size drill is 
inch in diameter. This is equivalent to the root diameter of a 
^-inch 16 standard screw and allows sufficient metal in the hole for 
the threads. 



Rg. 9. Tap nomanciatura. 


In order to cut external threads, dies similar to those shown in 
Figure 11 are used. The most common type is the adjustable die 
because it can be made to cut 


slightly undersized or over¬ 
sized. When used for hand 
cutting, the die is held in a 
die stock which provides the 
necessary leverage to turn the 
die in making a cut. 

For successful operation of 
either taps or dies, some con¬ 
sideration must 1^ given to 
the nature of the material to 
be threaded. The shape and 
angle of the cutting face in¬ 
fluence the performance, since 
no tool can be made to work 
successfully for all materials. 
Another important factor is 



^ Tapsr hand tap 



Hug hand fap 



Bottoming hand tap 


Fig. 10. Hand taps. (Courtoty GroanRald 
Tap and Dio.) 


proper lubrication of the tool during the cutting operation. This 
insures longer life of the cutting edges and results in smoother 
threads. Since no one lubricant can be recommended for all cases, it 


is advisable to consult specialists or handbooks in making a selection. 


Both the taps and dies described may also be used in the machine 
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cutting of threads. Because of the nature of the cutting operation, 
they must be held in a special holder, so desired that the tap or die 
can be withdrawn from the work without injury to the threads. This 
is frequently accomplished by reversing the rotation of the tool or 
work after the cut has been made. Numerous tapping attachments 
are available for internal thread cutting on a drill press. These at¬ 
tachments are usually provided with two spindles which operate in 
opposite directions. The tap is rotated into the work at the prop^ 
cutting speed until the threads are made. As soon as the tap is raised 



M (b) 


Rg. II. (e) Square dia, (6) round die. (Courtesy Greenfield Tap end Die.) 

upward, the other spindle is engaged by means of a ball or friction 
clutch, and the rotation of fhe tap is reversed, thus removing it from 
the work. The withdrawing speed is usually much faster than the 
cutting speed. The same procedure is used in cutting external 
threads with nonopening dies. 

In small production work on a turret lathe, the tap is held by a 
special holder, which prevents the tap from turning as the threads 
are cut. Near the end of the cut the turret holding the tool is 
stopped, and the tap holder continues to advance until it pulls away 
from a stop pin a sufficient amount to allow the tap to rotate with 
the work. The rotation of the work Is dieii le versed, and, when the 
tap holder is withdrawn, it is again engaged with the stop and held 
until the work is rotated from the tap. External threads may also 
be cut with a die utilizing this same procedure, although in most 
cases such threads are cut with selfopening dies. 

Thnad cka$lag. In production work self-opening dies and col¬ 
lapsible laps are used to eliminate back tracking of the tool and to 
save time. The tools have individual cutter dies, known as. chasers, 
mounted in an appropriate holder, which are capable of adjust¬ 
ment or replacement. With chasers-more accurate work can be 
done, the cutters can be kept in proper adjustment, and there is no 
danger of damaging the cut thread as the to<d is withdrawn. In 
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some cases the tool is held stationary and the work revolves; in others 
the reverse procedure may be used. All precision screws require a 
lead screw feed to obtain accuracy. 

Two types of automatic die heads are used. In one type the cut¬ 
ters or chasers are mounted tangentially, as shown in Figure 12; in 
the other they are in a radial position. Radial cutters can be 



Fig. 12. Stationary tangant dia haad. (Ceurtasy Landis Machina Company.) 

changed quickly and as a consequence are used for threading mate¬ 
rials that are hard to cut The die head shown is commonly used 
on turret lathes and is of the stationary type. The work rotates and 
the chasers open automatically at the end of the cut so that they 
may be withdrawn from the work without damage. 

For large diameter iilternal work, collapsible taps are used, having 
either radial or circular'chasers. Circular chasers wear longer but 
can Ije used only in large-diameter holes. Both stationary and rotat- 
ing types are available, and the selection depends upon the machine 
used. In Figure 13 is shown a collapsing tap designed for tapping 
straight threads. The smallest thread size that can be made is 1^ 
inches. This design may be used on either stationary or rotary 
applijcations. » 

Throatfliif macklM, In Figure 14 is sliown a double-spindle 
dureading machine used for threading spindles, bolts, pipe, and parts 
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up to inch in diameter. Parts are held by double-actii^ vises 
which are opened and closed by the hand wheels shown. For ac* 
curacy in pitch of threads, the use of a lead screw for feeding the 
carriage is recommended, especially for threads of large diameter. 



Hf. 13. Colhptlng tap for thrMdIt over 1Ineh«t. (Courtaty Landis Mnehin* Company.) 

Very often no mechanical positive feed is used for small diameter 
threads, as the lead on the /.hreading die feeds the work, at the proper 
rate. Tangential dies are ^hown which open automatically when the 
required length of thread is cut. 

Machines of this type may also be used for tapping nuts by using 
a tap chuck in the die head and gripping the nut in the vise. A 
long shank tap is used for this work and. as the nuts are tapped, they 
feed back onto the shank of the tap. 

Topping moeiilnos. Although much tapping is done on drill 
presses equipped with some form of tapping attachment, most prO' 
duction tapping is done on specially constructed machines. Such 
machines are automatic in operation, and the blanks to be threaded 
are usually fed from an oscillating hopper to the working position. 
When the operation is finished, the spindles are reversed at double 
the tapping speed, and the nuts are discharged to individual con* 
tainers. 

A common type of tapping machine, usually a multispindle ar¬ 
rangement, is provided with taps having extra long shanks. The tap 
is advanced through the nut by the lead screw and, upon completion 
of the threading, continues downward until the nut is released. The 
spindle then returns to its upper position with the tapped nut*bn its 
riiank. When the shank has been filled with nuts, the tap is removed 
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Rg. 14. Doubla-tpindl* threading machina. (Courtasy Tha Hili-Aema Company.) 


and the nuts are emptied into a conta'vner. Important factors in 
the success of high-speed tapping are the use of a proper cutting oil, 
rigidity of the machine, proper cutting ^speed for the material in¬ 
volved, and the percentage of thread remaining in the tapped hole. 

Thnad uiUltagm Accurate threads of large size, both external and 
internal, can be cut with standard or hob-type cutters. For long, 
external threads a threading machine is used which is similar in 
appearance to a lathe. Iv^ork is mounted either in a chuck or be¬ 
tween centers, and the milling attachment is at the rear of the 
macliine. In cutting a long screw a single cutter is mounted in the 
plane of the thread angle and fed parallel to the axis of the threaded 
part. 

A planetary-type thread-milling machine ^ intended for mass pro¬ 
duction of short internal or external threads is shown in Figure 15. 
The figure shows the cutter-head setup for external threads using 
annular milling cutters which cover the full length of the cut. 

In operation, a work-holding fixture is mounted on the machine 
table which holds the work rigidly. The milling head carrying the 

Clwptsr 21 for odditleiMi Infermotien on pUnttary milling. 




4)4 


THRCAOS AND THREAD CUTTING 


hob i$ revolved eccentrically about the work and is simultaneously 
rotated on its own axis, advancing by means of a lead screw for a 
sufficient distance to produce the desired thread. The cutter spindle, 
after completing the milling opm-ation, automatically returns to 
center position. A reversing switch is then contacted, and the sleeves 



Rg.‘ IS. Enlarged v1«w of cuttor bond for 
ouhido throads. (Courtaty Murehay Machine 
R Tool Company.) * 

m 

cylindrical dies or reciprocating flat 
have the reverse form of tjie thread 


are brought back to the origi¬ 
nal starting position. The 
depth of the thread is con¬ 
trolled by adjustment in the 
eccentricity of the spindle 
sleeve. After proper adjust¬ 
ment the entire cycle of oper¬ 
ation is automatic. 

Thread rolling, A large 
proportion of the standard 
bolts and screws manufac¬ 
tured have their threads cold- 
formed by being rolled be¬ 
tween suitable dies. In this 
process the metal on the cylin¬ 
drical blank is cold-forged, 
under considerable pressure, 
by the rolling action of the 
blank between either rotating 
dies. The surface of the dies 
that is rolled. Rolling under 


pressure results in a plastic flow of the metal in such a way that the 



dies penetrate to form the root of the thread, and the displaced metal 
is raised to form the crest. Slightly less material is required for 
threaded parts made in this fashion over cut threads as illustrated in 
Figure 16. This saving ranges from 16% to 25%. In the case of a 
^-in. 13 thread screw size, the saving is 19%. The diameter of the 
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Stock used is approximately equal to the pitch diameter of the screw, 
la this process no chips are formed, and the accuracy and uniform¬ 
ity of the threads are excellent if the. blanks are held to the correct 
site. 

There are two methods employed in the rolling of threads. In 
one case the bolt is rolled between two flat dies, each being provided 
with parallel grooves cut the size and shape of the thread. One die is 


r 

! 

Momno Die 


1 





STATtomar Die 





eniMKKo Victr or Bog 

A Dt£ JtlOWIHQ AcTIOM OF 
Colo FoaQim^ 



rAce Of Flat Die Foa 

ffOLUNO DiOMT MaHO TH^AOS 

* 

Fig. 17. Sketch illustrating tha prineipla of rolling thraads with flat diat. 


held Stationary while the other reciprocates and rolls the blank be¬ 
tween the dies. Thi^ operation is shown diagrammatically in Fig¬ 
ure 17. The process may be illustrated by rolling a screw between 
two soft boards under pressure. On examination of the boards, we 
note that each has impressed into its surface a series of angular, 
parallel lines. By reversing this illustration and starting with similar 
grooves in hardened steeb threads will be rolled into a piece of soft 
steel rod plac^ between them. 

The other process, shown in Figure 18, employs either two or three 
grooved rollers. In the two-die method the blank is placed on the 
work rest between the two parallel, cylindrical rotating dies, and the 
right-hand die is fed into the blank until the correct size is reached, 
returning then to its starting position. The three-die machine 
utilizes cylindrical rotating dies mounted on parallel shafts driven 
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synchronously at the desired speed. They advance radially into the 
blank by cam action, dwell for a slight period, and then withdraw. 

Although most threaded fasteners are rolled on special machines, 
threaded roll dies may be adapted to standard automatic screw 
madiines. All types of rolling machines may be manually operated 

Cylindrical 
Dies 


Blank 


Rg. IS. Thiwael rolling using oHhor two or thro* eylindrieol dios. 

or arranged with an automatic feeding device. In most cases the 
entire thread is formed at once by the in-feed method although 
end-feeding is used on long screws. 

The advantages of the thread rolling process include: 

1. Improved tensile, shedr and fatigue strength are obtained. 

2. There is a smooth surface finish (4 to 32 microinches). 

3. Close accuracy is maintained (dependent upon accuracy of die). 

4. Less material is required. 

5. Production rate is high. 

6. A wide variety of thread forms is possible. 

Limitations of the thread rolling process include: 

1. Blank tolerance must be close since no metal is removed. 

2. It is not economical for short-run jobs. 

3. Only external threads can be rolled. 

A. Materia] having a hardness exceeding Rockwell C37 should 
not be rolled. 

TkrDOid grladtag. Grinding is used as either a finishing or a fonn- 
ing operation on many screw threads where accuracy and smooth 
finish are required. This process is particularly applicable for 
threads that have been heat-treated to eliminate possible errors re¬ 
sulting from the treatment. 
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In general, there are two types of wheels used in thread grinding, as 
illustrated in Figure 19. The method shown at A employs a single 
wheel, shaped to correct form, which traverses the length of the screw. 
The wheel i*; rotated against the wbrk, usually at speeds ranging from 
7500 to 10,000 surface feet per minute, and at the same time traverses 
the length of the screw at a speed determined by the pitch of the 
thread. The surface speed of the work is determined by many fac- 


I 



A. Single wheel B. Plunge cut 

grinding grinding 

Fig. 19. Method* mod in throad grinding. 


tors such as depth of cut and kind of material, but for most cases it 
ranges from 1^ to 10 surface feet per minute. It is possible to cut 
a complete thread by one pass of the wheel; however, most threads 
are formed by two or more passes, the last one removing only a few 
thousandths in the interest of accuracy and finish. The form of the 
grinding wheel must be dressed periodically .by a diamond truing 
device to compiensate for gradual wear. The movement of the 
diamonds is controlled either from template formers or through a 
pantograph mechanism. Although the truing action is automatic, it 
must be predetermined by the operator. 

Short threads may be ground by the plunge-cut method, as shown 
at B in the figure. With this methotl the wheel is fed in the entire 
depth of the thread before the work is started. The work then makes 
one revolution while it traverses a distance equal to one pitch, thus 
completing the thread. A little overtravel is provided to insure a 
perfect thread over the entire length. Multiribbed wheels may be 
used to traverse-grind as is done with single wheels, but this is not 
recommended owing to the greater wear on the leading ribs. The 
dressing of plunge-cut wheels is usually done by a crush-roll process. 
The operation consists of slowly rolling the grinding wheel in crush¬ 
ing contact with a hardened roller which has on it threads the same 
as will appear on the work. This method of dressing is rapid and 
accurate and provides the wheel with sharp cutting edges so essential 


431 THUSAOS AND THKSAD CUTTINB 

for good grinding. The process is limited to the use of vitrified 
wheels, and there is a gradual decrease in roll accuracy as repeated 
dressings are made. 

Most thread-grinding machined are characterized by having an 
operating cycle that is entirely automatic from the time the operation 
starts until the thread is complete. Compensating devices are usually 
provided to allow for the decreased diameter of the wheel after 
dressing so that the work size is not altered and no resetting of the 
wheel is necessary. A similar arrangement is often provided to com* 
{lensate for backlash so that the wheel may traverse back and forth for 
rapid cutting. Thread grinding lends itself to the production of 
threads on either hard or soft material. The process also produces 
a high degree of accuracy and finish which is so important for preci¬ 
sion and highly stressed screw threads. 

REVIEW QUESTIONS 


1. Name and sketch five standard screw threads. Indicate angle on each thread. 

2. To what various uses may screw threads be put? 

3. Distinguish lietween lead and pitch on a screw thread. 

4. What advantages does an Acme thread have over a square thread? 

5. List the various methods by which external threads can be made. 

4. Briefly describe the new,unified screw-thread standard. 

7. How do the American f^Iational Pipe threads differ from the National 
Coarse threads? 

t. What methods can be used for cutting internal threads? 
f. How are threads cut on^a turret lathe? 

10. Sketch the gears on the end of an engine lathe, and, assuming the pitch of 
the lead screw to be 8, indicate the number of teeth in the driving and lead-screw 
gears necessary to cut 11 threads per inch. 

11. What is a thread dial indicator, and how does it work? 

12. What is a tap? Name six kinds. 

13. How would you rut an internal square thread? 

14. How are threads cut on a turret lathe? 

15. What type of threading equipment should be used for cutting internal 
threads on a drill press? 

14. What three methods are employed in rolling threads? 

17. What types of screw threads may be produced by rolling? 

10. Describe the operation of a planetary-type thread-milling machine. 

If, Describe two methods of producing threads by grinding. 

20. What are the advantages and limitations of the thread-rolling process? 
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CHAPTER 19 


SHAPERS 

AND 

PLANERS 


A shaper is a machine Having a reciprocating cutting tool, of the 
lathe type, which takes a straight-line cut. By moving the work across 
the path of this tool, a plane surface is generated, regardless of the 
shape of the tool. With* this method of producing a flat surface, 
perfection is not dependent on the accuracy of the tool as it is when 
a milling cutter is used for the same type of work. By means of 
special tools, attachments, and devices foi holding the work, a shaper 
can also cut external and internal keyways, spiral grooves, gear radts, 
dovetails, T slots, and other miscellaneous shapies. 

ClassMeation of Shap«rs 

According to genera! design, shapers can be classified as follows: 

1. Horizontal—push cut 

(а) Plain (production work) 

(б) Universal (toolroom work) 

2. Horizontal—draw cut « 

S. Vertical 

(a) Slotter 

(b) Keyseater 

4. Special purpose, as for cutting gean 
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Power can be applied to the machine by an individual motor either 
through gears or belt, or by step-cone pulley from the lineshaft. The 
reciprocating drive of the tool can be arranged in several ways. Soane 
of the older shapers were driven by gears or by feed screw, but most 
shapers are now being driven by an oscillating arm and crank 
mechanism, as illustrated in Figure S. 



Horbonfal-Typo Shapors 

CoHifncfloiL Figure 1 is a diagrammatic sketch of a plain 
horizontal shaper commonly used for production and general-purpose 
work. This shaper, consisting of a base and frame which supports a 
horizontal ram, is quite simple in construction. The ram, which 
carries the tool, is given a reciprocating motion equal to the length 
of the stroke desired. The quick-retum mechanism driving the ram 
is designed so that the return stroke of the shaper is faster than the 
cutting stroke to reduce the idle time of the machine to a minimum. 
The tool head at the end of the ram can be swiveled through an 
angle and is provided with means for feeding the tool into the work. 
On it is fastened the clapper-box tool holder, pivoted at the upper 
end to permit the tool to rise on the return stroke so as not to dig 
into the work. 
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The work table is supported on a crossrail in front of the shaper. 
By means of a lead screw in conneaion with the crossrail, the work 
can be moved crosswise or vertically by either hand or power drive. 
A universai shaper has these same features and, in addition, is pro* 
vided with swiveling and tilting arrangements to permit accurate 
machining at any angle. The swiveling adjustment takes place about 
an axis that is parallel to the motion of the ram. The tilting feature 
is in the table top which provides a means to set the table at an 
angle to the swiveling axis. Both adjustments are equipped with 
protractors to assist the operator in setting the table at any angle. 

The work on a shaper is held by bolting it to the work table or by 
fastening it in either a vise or some special fixture. The table is 
provided with T slots which permit bolts to be inserted to facilitate 
the holding of work or fixtures. Reference to the illustrations shows 
clearly how this is accomplished. 

Qtffek-rofvrn mthanhm. Several types of quick-return mecha¬ 
nisms have been developed for shapers, but the most common type is 
the pillar or oscillating-arm type shown diagrammatically in Figure 2. 
It consists of a rotating crank driven at a uniform speed which is 
connected to an oscillating arm by a sliding block. Referring to the 
figure, we note that the cutting stroke takes up 220 degrees of the 
crank revolution while the return is made through only 140 degrees 
movement of the crank, ^ence the ratio, 

* 

Cutting stroke 220 1.57 

Returp stroke 140 1 

The quick return is due to the crank end, with the sliding block, 
being close to the arm fulcrum during the lower half of rotation. 
The stroke length is varied by changing the length of the crank. 

The drive mechanism and quick return for an oscillating-arm 
shaper is illustrated in Figure 3. The sliding block works in the 
center of the rather massive oscillating arm. The crank is contained 
in the large gear and may be varied by a screw mechanism. The 
crank gear is driven by the transmission gears, as shown in the figure. 
To change the position of the stroke, the clamp holding the connect¬ 
ing link to the screw is loosened, and the hand wheel at the end of 
the screw is turned. As the screw is fastened to the ram, it can be 
moved backward or forward by turning this wheel. 

CuMag tpoMf. Cutting speed on horizontal shapers is the 
average speed of the tool during the cutting stroke and depends pri¬ 
marily on the number of ram strokes per minute and the length of 
the stroke. If the stroke length is changed and the number of 
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strokes per minute remains constant, the average cutting speed is 

changed. The ratio of cutting speed to return speed niters into the 

calculation as it is necessary to determine what proportion of tinie^ 

the cutting tool is working. Thus, with the ratio 

• 

cutting stroke _ 3 
return stroke 2* 



Rg. 3. Puicit*r«furn drive mechanism used on a Hendey horizontal pusl|.ciit. shapor. 
(Courtesy The Hendey Machine Company.) 


the cutter is working three-fifths of the time and the return takes 
two-fifths of the time. Cutting speed may be determined by the 
following formula: 


C.S. 


JVI 

12C 


feet per minute 


where N — strokes per minute, 

L — stroke length in inches, 

C - cutting time ratio 

\ total time / 

This calculation is unnecessary when a hydraulic shaper is used 
because the speed is uniform and shown on an indicator. 

Draw-cup ihapw. This shaper is so named because the tool is 
pulled across the work by the ram instead of being pushed. In 
Figure 4 is shown a machine of this type equipped with a small jib 
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craius and hoist. Hcnrizontal draw<ut diapers are especially recom* 
mended for heavy cuts, being widely used for cutting large die blocks 
^nd machining large parts in railroad shops. During the cut, the 
work, is drawn against the adjustable back bearing or face of the 
column, thei'eby reducing the strains on the crossrails and saddle 



Fig. 4. Draw>eut ihapar. (Courtesy Morton Manufacturing Company.) 

bearings. There, is little tendency for vibration, as a tensile stress is 
exerted in the ram during the cut. This permits the use of large 
forming tools without resulting tool chatter marks on the work. 

Hydraulic $hapar. The hydraulic shaper is similar in appearance 
to those driven by some form of mechanism, as may be noted in 
Figure 5. One of the principal advantages claimed for this type of 
shaper is that the cutting speed and pressure in the ram drive are 
constant from beginning to end of the cut. Both the cutting-stroke 
length and its position relative to the work may be changed quickly 
without stopping the machine, by the use of two small handles at the 
side of the ram. Another feature is that the ram movement can be 
reversed instantly anywhere in either direction of travel. The 
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Rg. 6. Hydraulic shaper. ^Courtesy Redtferd Machine Tool Company.) 

« 

hydraulic feed takes place while the tool is clear of the work and 
the entire operation of the machine is quiet. The maximum ratio 
of cutting stroke to return stroke is about 2:1. 

Tool $hap9s. Shaper tools are similar to lathe tools and are 
frequently held in the same type of holders. The same tool angles 
prevail, except that an end angle clearance of 4 degrees is sufficient. 
For steel the side rake angle should be around 15 degrees, and fen: cast 
iron, around 5 degrees. 

Vwfteal tktiptn. Vertical shapers or slotters (see Figure 6) are 
used principally for internal cutting and planing at angles, and for 
operations that require vertical cuts because of the position in which 
the work must be held. Operations of this nature are frequently 
found on die work, metal molds, and metal patterns. The shaper 
ram operates vertically and has the usual quick-return feature like 
the horizontal-type machines. Work to be machined is supported 
on a round table having a rotary feed in addition to the usual table 
movements. The circular table feed permits the machining of curved 
surfaces, a process which is particularly desirable for many irregular 
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jiam that cannot be turned on a lathe. Plane surfaces are cut by 
using either of the table cross-feeds. 

^ A special type of vertical shaper known as a keyseater is especially 
designed for cutting keyways in gears, pulleys, flywheels, and similar 



Fig. 6. Vertical shaper. (Courtesy Pratt & Whitney.) 

parts. The work is clamped to a horizontal table, and the tool is 
reciprocated in a vertical position through its center. The work is 
fed to the cutter by table adjustments. 

Tb« Pioner 

A planer is a machine tool designed to remove metal by moving 
the work in a straight line against a single-edged cutting tool. The 
type of work is very similar to that done on a shaper except that a 
planer is adapted to much laiger work. The cuts are all plain 
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surfaces, but they may be horizontal* vertical, or at an angle. In 
addition to machining large work, the planer is frequently used in 
production work to machine multiple small parts held in line on 
the platen. 

OMiir«iie«f bofwMii planer and nhapar. Although both the 
planer and shaper are adapted to the machining of flat surfaces, there 
is not much overlapping in their fields of usefulness: they differ 
widely in construction and in method of operation. When the two 
machines are compared in construction, operation, and use, the 
following differences may be seen: 

1. The planer is sjjecially adapted to large work; the shaper can 
do only small work. 

2. On the planer the work is moved against a stationary tool; on 
the shaper the tool moves across the work which is stationary. 

3. On the planer the tool is fed into the work; on the shaper the 
work is usually fed across the tool. 

4. The drive on the planer table is either by gears or by hydraulic 
means. The shaper ram can also be driven in this manner, but in 
most cases a quick-return link mechanism is used. 

5. Most planers differ from shapers in that they approach constant- 
velocity cuts. 

Planar and nhapar sii«| The usual method of designating the 
size of planers and shapers' is as follows; 

Shaper—Maximum length of work that can be machined (inches). 

Vertical shaper or slottef—Maximum length of stroke X diameter 
of work table (dimensions in inches). 

Planer—Width of table (inches) x distance from table to rail 
(inches) x length of table (feet). 

ClastMeatien of Planort 

Planers may be classified in a number of ways, but according to 
general construction there are five types: 

1. Double-housing planer (Figure?). 

2. Open-side planer (Figure 8). 

$. Universal planer (cuts on both strokes). 

4. Pit-type planer (Figure 9). 

5. Edge or plate planer (Figure 10). 

■ Planar drive. Each of the above types may vary, according to the 
method of drive. In such a classification there are gear drive (both 
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spur gear and spiral), hydraulic drive, screw drive, belt drive, 
variable-speed motor drive, and crank drive. The first two men¬ 
tioned are generally used. The screw drive is employed principally 
on plate planers, whereas the crank drive is found only on some small 
planers. Variable-speed-reversing motors, controlled by stops at each 
end of the stroke, are used on some planers. 

Hydraulic drives are highly satisfactory for planers. Uniform 
cutting speed is attained throughout the entire cutting stroke. The 
acceleration and deceleration of the table take place in such a short 
distance of travel that they need not be considered as a time element. 
A second advantage is that the inertia forces to be overcome are less 
in a hydraulic planer than in the conventional gear-driven planer. 
The gear-driven planer, with its fast-revolving parts, including the 
rotor of the drive motor, has several times more inertia force to 
overcome than the simple piston rod and piston of the hydraulic 
drive. Overcoming inertia consumes energy, and, with rapid short 
strokes, the difference in power consumption is noticeable. Further 
advantages of hydraulic drives are uniform cutting pressure, quick 
table reversal, rapid means of varying the stroke, and less noise in 
operation. 

Doabl^^honlng planar. This type of planer consists of a long 
heavy base on which the table or platen is reciprocated. At the side 
of-the base near the center is located the upright housing. This 
supports the crossrail upon which the tools are fed across the work. 
The diagrammatic front view of a Gray double-housing planer, 
shown in Figure 7, illustrates how the tbols are supported and the 
manner in which they can be adjusted for angle cuts. These tools 
ihay be fed manually or by power in either a vertical or a cross¬ 
wise direction. The motor drive is usually at one side of the planer 
near the center, and the drive mechanism is located under the platen. 

The accuracy of a planer is determined largely by its rigidity and 
the manner in which the ways in the bed are machined. Most 
medium-sized planers have one flat and one double-V way which 
allow for unequal bed and platen expansions. Large planers having 
three ways will have a *double-V way at the center and flat ways at 
each side. The controls for operation are ail at the upright housing. 
Adjustable dogs at the side of the bed control the stroke length of 
the platen. 

Opaa^tUa planar. A variation in housing construction, shown 
in Figure 8, having the housing on one side only, is known as an 
open-side planer and is adapted to handle wide work. The planer 
shown in the figure is hydraulically driven. 
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Rg. 7. 
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Front viow of doublo'houilng planor. 



Rg* I. Hydravilo optiMida planar. (Caurtasy Raeirfard MacMna Taal CamfNiny.J 
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Both double-housing and open-side planers can be equipped with 
duplicating attachments for machining irregular surfaces. A master 
form is mounted on one side of the table so that, as the tracer moves 
over the surface, the cutting tool is moved accordingly. Such devices 
are usually hydraulically operated and are similar in operation to 
the duplicating units used on other machine tools. 



Fig. 9. Pit-type planer. (Courtesy Meste Machine Company.) 


Unlvnal planer. The main feature of a universal planer is 
that it will cut on both forward and reverse strokes. In one case a 
two-edged tool is pivoted in the fixed holder which normally holds 
it in a center position by a flat spring. As the tool engages the work, 
it pivots slightly and is held against the block during the cut. At 
the end of the stroke th^ other cutting edge is brought into position 
in the same way. This cutting edge is somewhat longer than the 
other so that it will yield the proper depth cut on the return stroke. 
Another tooling provides two separately pivoted tools for two-way 
planing. A common use for this type of tooling is the cutting of 
slots in machine tables. 

planar, A piMype planer is massive in construction and 
differs from an ordinary planer in thjit the bed is stationary and the 
tool is moved over the work. Figure 9 shows such a planer designed 
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for work up to 14 feet in width and 55 feet in length. Two ram-type 
heads are mounted on the crossrail, and each is furnished with double 
clapper block tool holders for two-way planing. The two reversing 
housings which support the crossrail slide on ways and are screw- 
driven from an enclosed worm drive at one end of the bed. All feeds 
are automatic and reversible and are designed to operate either at 
both ends of the planing stroke or at one end only. 



Fig. 10. Plate or edge planar. (Courtesy Consolidated Machine ‘Tool Company.) 

Plot0 or edge planer. ^I'or the fabrication of heavy steel plates 
for pressure vessels and armor plate, a special type of planer, known 
as a plate or edge planer, has been devised. Such a planer, having 
a plate width capacity up' to 40 feet, is shown in Figure 10. The 
plate is stationar)' and is clamped to a large bed on one side of the 
housing. To further insure having the work securely held, a series 
of clamps come down from the cross housing and hold the plate edge 
in place. The cutting tool is attached to a carriage w’hich is sup 
ported on the heavy ways of the planer. A large screw drive is used 
• for moving the carriage, carrying the operator and tools, along the 
work. The size of the plates that can be edge-machined is limited by 
the width and height of the machine opening, but there is no limit 
to the length the plate may extend behind the machine. 

Tenli and Work-Holding Dovicos 

The tools used in shaper and planer work are of the same general 
type as those used on a lathe, but are heavier in construction. Some 
forged tools are used, but generally tool holders with removable bits 
are more satisfactory since heavy tools are required on the large 
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madiinei. The holder should be designed to secure the bit near the 
center line o£ the holder or the pivot point, rather than at an angle 
as is custcnnary with lathe tool holders. With the tip of the tool back, 
diere is less tendency for it to dig ihto the metal and cause chatter. 

Cutting tool shapes for common planer operations, shown in 
Figure 11, are usually tipped with high-speed steel, cast alloy, or 
carbide inserts. High-speed steel or cast alloys are commonly used 
in heavy roughing cuts and carbides for secondary roughing and 
finishing. Caution must be exercised in using carbide tools on 
m a ch i n es not equipped with an automatic lifting device for the tool 
on the return stroke. If the tool is permitted to rub the work, the 
cutting e^ is likely to be chipped. 
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Rg. II. Ciitting fool shapM for commen plsiwr opsratlon. 

Cutting armies for tools depend on the type of tool used and the 
material being cut. They are similar to angles used on other single¬ 
point tools, but the end clearance need not exceed 4 degrees. Cutting 
speeds are affected by the rigidity of the machine, how the work is 
held, tool material, and the number of tools in operation. 

Work tables on planers and shapers are constructed with T slots on 
their surfaces to provide ineans for holding and clamping down parts 
that are to be machined. On large machines it is very important that 
work be securely held because of the heavy cuts that are taken. A 
heavy-duty vise held by bolts engaging T slots in the work table is 
suitable for nnall objects and is the usual method of holdii^ work on 
a shaper. On planers most work is held by clamping directly to the 
platen, and a wide variety of clamps, stop pins, and holding devices 
have been developed for this purpose,, as shown in Figure 12. Note 
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Fig. 12. Methods of holding work on plonor toblo. 


that several of these arrangements are adapted to holding down 
plates so that the entire surface may be machined. 


REVIEW QUESTIONS 


1. What type of work can be done on a shaper? 

2. Show by sketch how the quick-return motion is accomplished on a shaper. 

3. If a shaper makes 36 complete strokes a minute and the length dL stroke is 
9 inches, what is the rutting speed in feet per minute? The ratio of return 
stroke to cutting stroke is 2 to 3. 

4. For what ty{)e of work is a draw-cut shaper used? 

B. What advantages are claimed for hydraulic drives on shapers and planers? 
4. What kind of work is done on a vertical shaper? 

7, How does a planer differ frdm a shaper? 

B. List the various types of metal planers. 
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f. Whac b the maia featuie of an open-ride jrianer, and why is it lo 
oonstructed? 

It. How is the quick-retum motion on a planer aooomplidied? 

11. Describe the operation of a pit-type planer. 

II, What is £. plate jdana. and how dm it operate? 

11. What kind of cutting tools arc used on ahapen and planers? 

14. How is the cutting tool supported on a planer? 

15. How is the work held on a planer bed? 

IS. Describe the operation of a universal planer. 
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DRILLING 

AND 

BORING MACHINES 


One of the simplest marhine tools used in production and toolroom 
work is the ordinary drill press. It consists of a spindle which imparts 
rotary motion to the drilling tool, a mechanism for feeding the tool 
into the work, a table on which the work rests, and a frame. It is 
essentially a single-purpose machine, although a number of similar 
machine operations can be performed with the addition of appro¬ 
priate tools. 

The operation of drilling consists of producing a hole in an object 
by forcing a rotating drill against it. The same results are accom* 
plished in some machines by holding the drill stationary and rotating 
the work, such as drilling on a lathe with the work held and rotated 
by a chuck. 

Other methods of producing a hole are by punching, flame cutting, 
and coring. The punching process, which is very rapid and specially 
adapted to thin materials, produces accurate holes, but the punches 
and dies are expensive. Flame cutting by the use of oxyacetylene 
or oxygen lances will cut hoks through any thickness of commercial 
material though the holes are accurate neither in size nor in shape. 

4M 
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Coring if used principally on large holes in castings to save metal and 
reduce machining costs. 

Boring is the enlarging of a hole that has already been drilled or 
cored. Principally, it is an operation of truing a hole that has been 
drilled previously with a single-point lathe-type tool To perform 
this operation on a drill press a special holder for the boring tool 
is necessary. 

Counterboring is enlarging one end of a drilled hole. The 
enlarged hole, which is concentric with the original one, is flat on the 
bottom. The tool for this operation is similar to an end mill and 
is provided with a pilot pin which fits into the drilled hole to center 
the cutting edges. Counterboring is used principally to set bolt heads 
and nuts below the surface. To finish off a small surface around a 
drilled hole is known as spot facing. This is a customary practice 
on rough surfaces to provide smooth seats for bolt heads. If the top 
of a drilled hole is beveled to accommodate the conical seat of a flat- 
head screw, the operation is called counter-sinking. 

Reaming is the operation of enlarging a machined hole to proper 
sue with a smooth finish. A reamer is an accurate tool and is not 
designed to remove much metal; hence, the allowance for reaming 
should not exceed 0.015 inch. Although this operation and those 
previously mentioned can be done on a drill press, other machine 
tools are equally well adapted to perform them. 

ClasaMeatien of Drilliog MocMoos 

Drilling machines are classified according. to their general con¬ 
struction: 


1. Portable drill 


5. Gang drilling machine 


2. Sensitive drilling vnadiine 

(a) Bench mounting 

(b) Floor mounting 


6. Multispindle drilling machine 

(a) Single unit 

(b) Way-type 


S. Upri^t drilling machine 

. (a) light duty 
(b) Heavy duty 


7. Automatic-production drilling machine 

(а) Indexing table 

(б) Tranfertype 


4. Radial drilling machine 
(a) Plain 
(5) Seminnivenal 

(c) Universal 


8. Deep-hole drilling machine 
(a) Vertical 
(5) Horizontal 


These drilling machines vary considerably in size, method of feed¬ 
ing the drills, and application of power. 
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Drttll»§ imcMm tiM. Portable drilling units are specified 
according to the maximum diameter drill which they will hold. 
The size of a sensitive or upright drilling machine is designated in 
inches by the diameter of the la^st work piece that can be drilled. 
Thus a 24-inch machine is one that has at least 12 inches clearance 
between the center line of the drill and the machine frame. Most 
drilling machines are in the range of 16 to 48 inches. 

The size of radial drilling machines is based upon the length ot 
the arm in feet. Usual sizes are 4, 6, and 8 feet. In some cases the 
diameter of the column in inches is also used in expressing size."" 

Porfoblo and smiffhro drlffi. Poruble drills are small compact 
drilling machines used principally for drilling operations which can 
not be conveniently done on a regular drill press. The simplest of 
these is the hand-operated drill. Most portable drills, however, are 
equipped with small electric motors. These drills operate at fairly 
high speeds and accommodate drills up to diameter. 

Similar drills, using compressed air as a means of power, are used 
where sparks from the motor may constitute a fire hazard. 

The sensitive drilling machine is a small high-speed machine of 
simple construction similar to the ordinary upright drill press. It 
consists of an upright standard, a horizontal table, and a vertical 
spindle for holding and rotating the drill. Machines of this type are 
hand-fed, usually by mean; of a rack and pinion drive, on the sleeve 
holding the rotating spindie. These drills may be driven directly by 
a motor, by a belt, or by means of a friction disk. The friction-disk 
drive has considerable speed regulation, although it is not suitable for 
slow speeds and heavy cuts. Sensitive drill presses are suitable only 
for Kght work and are seldom capable of rotating drills over % inch 
in diameter. 

Upright drills. Upright drills are similar to sensitive drills, except 
that they have power-feeding mechanisms for the rotating drills and 
are designed for heavier work. Figure I shows a 21-inch machine 
with a box-type upright. A box-column machine is more rigid than 
a round-column machine and consequently is adapted to heavier 
work. This machine is provided with nine spindle speeds offered in 
several speed ranges from 75 to 3500 rpm. Feed rates of 0.004, 0.008, 
0.014, and 0.020 inch per revolution are controlled by a single feed 
lever. The feed clutch is automatically controlled so that the spindle 
will be disengaged when it reaches its upper or lower limit of travel. 
It also can be set to disengage at any predetermined depth if the feed 
trip dial on the left of the sliding head is set. This machine can be 
used for tapping as well as foe drilling. 
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Radial drilllag aneklaa, The radial drilling machine is designed 
for large work where it is not feasible for the work to be moved 
around if several holes are to be drilled. Such a machine is shown 
in Figure 2. It consists of a vertical column supporting an arm 
which carriei the drilling head. 

The arm may be swung around to 
any position over the work bed, 
and the drilling head has a radial 
adjustment along this arm. These 
adjustments permit the operator 
to locate the drill quickly over 
any point on the work. Plain 
machines of this type will drill 
only in the vertical plane. On 
semi‘Universal machines the head 
may be swiveled on the arm to 
drill holes at various angles in a 
vertical plane. Universal ma¬ 
chines have an additional swivel¬ 
ing adjustment in either the head 
or the arm and can drill holes at 
any angle. 

Gang drilling maekina. When 
several drilling spindles are 
mounted on a single table, it is 
known as a gang drill. There are 
two types, those with spindle units 
permanently spaced along the 
table and those with an adjusting 
feature permitting the spindles to 
be spaced at various distances. 

The first and most common type 
is adapted to production work 
where several operations must be performed. The work is usually 
held in a jig which can be easily slid on the table from one spindle 
to the next. If several operations must be performed, such as drill* 
ing two different-sized holes and reaming them, four spindles are set 
up. With automatic feed control, two or more of these operations 
may be going on simultaneously, attended by only one operator. 
The arrangement is similar to operating several independent drill 
presses, but is much more convenient because of its compactness. A 
four-spindly machine is shown in Figure 3. This machine has sepa* 



Fig. I. Tw«nty-on»>ineh uprigKf 
(Court*iy Cincinnati Bickferd 
Company.) 


drill. 
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Rg. 2. R«di«l drilling machine. (Courtesy The American Tool Worhs Company.) 

rate motors for each spindle and is equipped with power feed and 
lead'Screw tapping arrangement. 

When the job demands that several holes be drilled in line on a 
long piece, it is necessary to have spindle units that can be Adjusted 
to give the desired hole spacing. Machines of this type are used for 
any straight-line, multiple-hole drilling applications, as in pipes, 
channels, castings, angles, and plates. 

Msfflspfnrff* drUllnf macMnm, Multispindle drilling machines 
have been developed for the purpose of drilling several holes simul¬ 
taneously. These machines are essentially production machines and, 
when once set up, will drill many parts with such accuracy that all 
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parts are interchangeable. In some applications drilling jigs are 
unnecessary, but in m(»t cases a plate provided with hardened bnsh> 
ings is essential to guide the drills accurately into the work. Multi* 
spindle drilling machines differ principally in the way the drills are 
held and in the way the feed is a^omplished. 



Fig. 3. Feur*tpindi* gang diriiling maehina. (Ceurtasy Barnas Drill Company.) 

Most multispindle machines are of the vertical type. The head 
assembly has a number of fixed upper spindles driven from pinions 
surrounding a central gear. A corresponding number of spindles are 
located *ibelow this gear and are connected to the upper ones by a 
tubular drive shaft and two universal joints. These lower spindles, 
carrying the drills, may be adjusted over a wide area. The entire head 
assembly carrying all of the spindles travels on vertical double-V ways. 
The drilling cycle consists of rapid advance of drills to the work, 
proper feed, and rapid return of drills to starting position. 

Multiple drilling machines frequei^tly use a table feed in place of» 
the one just described, thus eliminating the movement of the heavy 
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Fig. 4. V«rtlc«l hydraulic drilling maehliM equipped with indming teUe end two 
heriientel wey*type unit*. (Ceurtny Beher Brothers.) 


Way-type, semiautomatic drilling machines are used extensively in 
production work. These are usually two-, three-, or four-way drilling 
■ machines designed principally for single-purpose jobs. Engine block 
castings and similar parts requiring the drilling of many holes are 
typical examples of the work done on these machines. A lai^e three- 
way drilling machine, illustrated in Figure 4, is an example of build¬ 
ing up a multiple drilling machine by utilizing a standard, heavy-duty 
vertical machine and two horizontal way-type units. The vertical 
drill is hydraulically operated and.can be used either with a single 
drill up to 3 inches or with a multispindle head, operating several 
^smaller drills. The two horizontal way-type machines, each equipped 
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with portable hydraulic feed units, are used for production jobs 
requiring holes on three sides; however, if they are used with an 
indexing table, other type jobs are possible. 

AMtomath prodvcfhn tfrfffliif macklmg. Frequently desig¬ 
nated as automated machines, they complete a series of machining 
operations at successive stations and transfer the work from one sta- 



Fig. 5. Special unit for drilling, chamfering, and tapping operation*, eonsitting of 
three vertical production drilling machines with indexing table. (Courtesy Barnes Drill 
Company.) 


lion to^the next. They*are, in effect, a production line of connected 
machines which are synchronized in their operation so that the work 
piece, after being loaded at the first station, progresses automatically 
and without manual handling through the various stations to its 
completion. In general the automatic machines are of the indexing 
table or the in-line transfer types. 

1. INDEXING TABLE. Parts requiring only a few operations* are 
adapted to indexing table machines which are made with either 





Rg. 6. RftMn>(tafien autematie^tfAntftr maehim for preeouing aufomebllo eyiindor 
koadt. (Ceurtasy Graonloo Brothan A Company.) 


vertical or horizontal units, spaced around the periphery of the 
indexing table. A special three-unit, vertical machine with a four- 
station indexing table is shown in Figure 5. This madiine is 
arranged to hold two clutch housing castings in each station, and 
at successive stations the parts are drilled, chamfered, spot-faced, and 
tapped. Indexing is automatic from the start of the cycle until its 
completipn. This unit is made up of three standard hydraulic pro¬ 
duction machines with the specially provided indexing table. Ream¬ 
ing, facing, and, in some cases, milling operations can also be 
performed on these machines. 

2. TRANSFER TYPE. Machines known as transfer machines are not 
limited to drilling, reaming and boring but may perform mill i ng , 
threading, and other operations. The principal feature of these 
machines is that they are provided with suitable han dl in g or transfer 
means between successive stations. 

In Figure 6 is shown a I5-st^tion unit for processing automobile 
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cylinder heads. The cycle time of 37.2 seconds is based on the time 
consumed by the longest series of operations performed at one of 
the stations and includes the time for transfer and for clamping and 
■ unclamping the work, as well as the time for tool movements and 
operation; Some 96 holes are processed at the various stations, and 
at one a milling operation is performed. Provision is made at the 
fourth and eighth station for a 360-degree turnover hxture for dump¬ 
ing chips: parts may also be removed at these stations if necessary. 
The production rate for the machine is 77 pieces per hour when it is 
operating at a normal efficiency of 80%. 

Automatic-transfer machines range from comparatively small units 
having only two or three stations to long, straight-line machines with 
as many as 80 stations. They have been used primarily in the auto¬ 
mobile industry where, by high production schedules, it is possible to 
o&et their high initial cost by savings in labor. Products processed 
by these machines include cylinder blocks, cylinder heads, refrigera¬ 
tion compressor bodies, axle housings, and similar parts. 

DMp-fcofo drilling moeinnn. Several problems not encountered 
in ordinary drilling operations arise in the drilling of long holes in 
rifle barrels, long spindles, connecting rods, and certain oil-well drill¬ 
ing equipment. As the hole length increases, it becomes more and 
more difficult to support the work and the drill properly. The rapid 
removal of chips from the drilling operation becomes necessary to 
insure the proper operation and accuracy of the drill. Rotational 
speeds and feeds must be carefully determined, since there is greater 
possibility to deflection than when a drill of ordinary size is used. 

To overcome these problems, deep-hole drilling machines have 
been developed. In design these machines may be of either the hori¬ 
zontal or the vertical type; they may be of single-spindle or multi¬ 
spindle construction; and they may vary as to whether the work or 
the drill is caused to revolve. In Figure 7 is illustrated a two-spindle 
machine of the horizontal type. The work is supported at one end 
in the headstock and on the other end by the work carriage at the 
center of the machine. .Rotation is given to the work from the head- 
stock spindles. The work carriage supports the drills by means of 
hardened bushings at a point just adjacent to where they enter the 
work. The other end of the drill is supported by the drill carriage 
at the right, and, if necessary, center supports are also used. The 
feeding of the drill is obtained from the lead screw which forces 
it slowly into the rotating work. The drill feed must be light to 
avoid deflecting the drill. Much wqrk is also being done on preci¬ 
sion boring machines upon which gun drills are rotated. This is 



^9* 7. Two«tpiiidl« iieruoiit«l d*«p«hoU drilling mnehin*. (CourtMy PrnH A Whitnny 
Company.) 


Klidi «f Drills 

Straight Sutad drlllt, There are two kinds of straight fluted 
drills used for deep hole drilling as shown in Figure 8. The upper 
one, known as a trepanning drill, has no dead center and leaves a 
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Rg. I. Typac of singla-flutad drills for daap«hola drilling. (Ceurtosy National Twist 
Drill and Tool Company.) 

solid core of metal. As the drill advances, the core acts as a continu* 
ous center guide at the point where the cutting is done. This pre¬ 
vents the drill from running tc^ one side, and the hcde accuracy' is 
easy to maintain. The design o£ this drill, with the cross section of 
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a hole, is illustrated in Figure 9. The other type, known as a center- 
cut gun drill, has been the conventional drill for many years. It is 
still used for much deep hole drilling, such as the drilling of blind 
holes where a core-type drill cannot be used. 



Rg. 9. Lift, Croit Mction of eorbido*tlppod, tropanning doop*helo drill illuctrating 
drill doiign. Righf. Crou toetion of helo boing drillod showing solid corn of motai 
at cantor. (Courtasy National Twist Drill and Tool Company.) 


Each type has only a single cutting edge with a straight flute run¬ 
ning throughout its length. Oil, under considerable pressure, is 
brought to the tip of the drill through thi hole in the lip. The chips 
are carried out of the hole along the flute of the drill as rapidly as 
they are formed. Greater accuracy and«finish may be obtained in 
deep holes by subsequent use of special reamers or broaching tools. 

TwM drllh. The most common type of drill is the twist drill, 
hkving two flutes and a cutting edge. In Figure 10 the nomenclature 
of this drill, as well as the usual point, clearance, and end angles, are 
shown. The drill is held and properly centered in the socket of the 
drilling-machine spindle by means of the tapered shank. This has 
a Morse Taper of approximately % inch per foot, which is standard 
for drills, reamers, and other similar tools. The tang at the end of 
the taper fits into a slot in the socket to prevent slipping of the 
tapered surface. Straight-shank drills are held and properly centered 
in a drill chuck. These drills are cheaper than those having a 
tapered shank, and sucli construction is common for small drills. 

Several kinds of drills, varying as to the number and angle of the 
flutes, are shown in Figure 11. Two-fluted drills with either interior 
or exterior oil channels are frequently used on turret-lathe-production 
drilling. Three-fluted drills are used principally for enlarging*holes 
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Rg. 10. Twlif-drill nomsneUtur* «nd «ngltts> 
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Fig. 11» Typat of drills. (Ceurtasy National Twist Drill tnd Tool Company*) 
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previously punched, drilled or cored. The same applies to four* 
fluted drills. Both have the advants^ of greater productivity and 
improved finish over two-fluted drills. Various other drills with 
different flute angles have been developed, to give improved drilling 




Ftg. 12. CuHtr for moUng Fig. 13. Cutting wi^ • fly cuttor. (Courtoiy 
round helot in thin motel. Rebort H. ClerT Compeny.) 

(Courtesy Armitreng-Blum Men- 
ufeeturing Compeny.) 

to special materials and alloys. In addition, some drills are made in 
combination with other tools, such as the combination drill and tap 
or the drill and countersink. 

Special drills. For drilling large holes in pipe or sheet metal, 
twist drills are not suitable because the drill tends to dig into the 
work, or the hole is too large to be cut by a standard-size drill. 
Round holes are easily cut in thin metal by means of a hole cutter, 
as shown in Figure 12. Saw-type cutters of this design can be 
obtained for a wide range of sizes. For very large holes in thin 
metal a fly-cutter is used. Such a cutter, shown in Figure IS, consists 
of tool bits held in a horizontal holder, which can be adjusted to 
accommodate a wide range of diameters. Both cutters cut in the 
same path, but one is set slightly below the other. 
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A drill designed by the Black Drill Company, for hardened steel, 
operates at high spe^ and develops suffidoit friction to anneal the 
steel and permit cutting without softening the drill point. This 
drill has a triangular section with three flutes, although for counter¬ 
boring work a flat end can be used. The point angle for best results 
is 130 degrees. Drills of this type are used for carburized stodk, 
spring steel, die sections, knives, and similar hard materials. 

Drill Porformanco 

In evaluating drill performance, the material of which the drill is 
made must not be overlooked. It has been previously stated that 
high-speed steel tools will stand about twice the cutting speed of 
carbon-tool steel. For hard and extremely abrasive materials, drills 
tipped with tungsten carbide give excellent service. Stellite and 
other nonferrous, hard-surfacing alloys are also being used for similar 
difficult materials. Many drills are now chrome plated to provide a 
hard wearing surface. 

Folut onflo. To obtain good service from a drill it must be 
properly ground. The point angle should be correct for the material 
that is to be drilled. For steel, aluminum, brass, and most metals, 
118 degrees has proved satisfactory, but for plastics, this angle should 
be reduced to 90 degrees or under. Some of the harder steel alloys 
however, use angles greater than 118 degrees. In grinding this 
angle, care must be exerd^d to get the lips the same length as well 
as to have the angle the same on each side of the drill center line. 
The clearance angle (see jFigure 10) should be 12 degrees. 

He/fx angf*. Drill performance is also affected by the helix angle 
of the flutes. Although this angle may vary from 0 to 45 degrees, 
the usual standard for steel and most materials is 30 degrees. The 
smaller this angle is made, the greater is the torque necessary to 
operate a given feed. As the angle is increased appreciably, the life 
of the cutting edge is reduced. Some materials are driUed more 
effidently by drills with special helix angles. For example, an angle 
of 45 degrees works very satisfactorily for zinc alloys and aluminum, 
whereas a 20-degree angle is recommended for Bakelite. 

Cuffing Huldt, To obtain best performance and long life for 
cutting edges, some lubricant or coolant should be used. The pur¬ 
pose of a cutting fluid is to reduce friction between the drill and the 
work, to facilitate removal of chips, and to cool the work and tool 
In production drilling the matter of cooling is most important To 
insure long tool life a cooling medium should be selected that will 
carry, away the heat at the same rate that it is generated. A few 
of the suggested coolants are; 
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Aluminum—^ lard oil, i/g kerosene Glass—Kerosene 

Brass—^ lard oil, i/g kerosene Magnesium—Dry 

Bronze—Soluble oil Malleable iron>-^luble oil 

Copper—Soluble oil Steel—Soluble oil 

Cast iron—Bry Tool steel—Lard or soluble oiU 

Cuffing $p00d. The amount of metal removed is a function of 
both the cutting speed and feed. The cutting speed, expressed in 
feet per minute, is a measure of the peripheral speed of the drill. 
Frequently, this speed is arbitrarily chosen without regard to effi¬ 
cient operation. For high-speed drills on ordinary steels it should 
be around 110 fpm. Cutting speeds vary from 20 to 250 fpm, depend¬ 
ing on the material hardness. Carbon steel drills should be operated 
at about one-half the speed recommended for high-speed drills. 

DrHI fmnd, In all drilling operations it is more efficient to 
remove metal in thick chips than in thin ones. The best tool life 
for a given rate of metal removal is obtained by using the highest 
possible feed which will still give free chip ejection. ^ If the feed is 
held constant, tool life increases as the cutting speed is decreased. 

Drill feeds are expressed in inches per revolution. In making 
the proper selection, the cutting speed of the metal being worked on 
as well as the drill material must be taken into consideration. Feeds 
for high-speed drills below 1 inch usually range from 0.0025 to 0.012 
inch per revolution; however, reference shbuld be made to feed tables 
in handbooks dealing with the subject for the proper feeds and 
speeds to use for various situations. 

DrtlIndl-holn sfz«. Hole accuracy depdhds largely upon how the 
drilling operation is performed as well as upon such factors as point 
angle and lip lengths. Conventional, two-fluted drills will normally 
drill slightly oversize in most metals. Tests conducted under the 
auspices of the Metak Cutting Tool Institute indicate that the amount 
of hole oversize obtained from drills ranging from % to 1 inch in 
diameter may be computed by the following simple relationships: 

Average oversize — 0.002 -i- 0.005D* 

Maximum oversize =« 0.005 -|- 0.005D 
Minimum oversize = 0.001 -f- 0.003D 

* D OB nominal drill diameter in inches. 

These relationships apply not only to holes drilled in steel and 
cast iron, but also ro most nonferrous metals. 

^ Ffom Tool iiigimmt Handbook, Amariean Seciaty af Tool En 9 inaar(. McGraw-Hill 
Book Company, 1949. ^ 

^Carl Oafeid, Jr., "Soma Raeant Rasaarch dfi Twist Drill, and Drilling," Tbo Tool 
inglnoor, Mareli t9SS. 
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MDtIiods of ProdneiRf Aecmto Hotot 

MaMplB ep*rofloii wnthod. To obtain a hole of accurate size, 
some precision sizing operation must usually follow the drilling. 
A hole should be drilled undersize and then accurately finished to 
size by boring, reaming, or both. Because of the bluntness of the 
drill point, it is difficult to start a drill accurately without a centering 



/tJ rat/MO NOU! mm OomMO Cyrnx 



m 

1 

r-“"‘■"T— - ■ ■ ■ 1 - - -|-j' 







(C» rtHAi. Sfitfta mr/f 

Fig. 14. Preevdura for producing ceeurntn holnt. 

hole. The operations needed to produce an accurate hole, as illus* 
trated in Figure 14, include locating and centering the hole, the 
actual drilling, truing the hole with a boring tool, and reaming the 
hole to accurate size. This is common practice for producing ac¬ 
curate holes on lathes and milling machines. If drilling jigs are used, 
the centering and boring operation may be omitted. 

OouMt-inarf I* drifft. Because of the expense of multiple opera¬ 
tions in producing accurate holes, much research has been devoted 
to this problem. The double-margin drill, shown in Figure 15, is 
one development which dififers from the conventional drill by having 
an additional secondary margin on the trailing edge of eadi land. 
This provides four guide points and results in greatly improved drill 
stability, tending to keep the drill on a straight path. In addition 
to improved straightness, ovdrsize drilling is reduced. 
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Sfwp drUL Another method of producing a straight hole is by 
using a double-margin step drill as shown in Figure 16. This drill 
combines into one operation the drilling of a small pilot or ceifter 



REGULAR DRILL DOUBLE MARGIN DRILL 

Fig. 15. End views of eenvontional (A) and doubla*niargin (0) drills, showing diffar- 
•nca in construction. (Courtesy National Twist Drill and Tool Company.) 



Rg. 16. Construction of double*margin step drill. The pilot diameter is net relieved 
.in order to provide improved piloting action. (Courtesy National Twist Drill and Tool 
Company.) 


hole, the enlarging of the hole, and the finishing of the hole to size. 
The small pilot drill {x>rtion steadies the drill, while the double* 
margin portion finishes the hole to size. The hole is considerably 
less oversize than those produced by the conventional twist drills. 

RtoiiiDrt oRd MisecllaBMUS Toeli 

A reamer is a tool used to finish a hole previously drilled or bored. 
The material removed by this process should be around 0.015 inch 
and for accurate work should not 'exceed 0.005 inch. Because 
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of the small stock removed by this process, reamed holes are perfectly 
round and have a smooth surface. Any tolerance is above the nomi¬ 
nal size. In some cases it is desirable to have the hole a fraction of a 
thousandth oversized in order to .produce certain fits. 
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Fif. 17. Typai of raaman. (Courtasy National Twiit Drill and Tool Company.) 

t 

Reamers are available for difierent materials and applications. 
They are: 

1. Hand reamer 

2. Chucking reamer 

3. Shell reamer 

4. Taper reamer 

Illustrations of several types of reamers are shown in Figure 17. The 
hand reamer is a finishing tool for very accurate holes. Only a few 
thousandths of an inch of metal should be removed. It is slightly 
tapered at the end to facilitate starting and has very little clearance 
on the flutes. This type, as well as most of the others, is made with 
both straight and spiral flutes. Chucking reamers are designed to be 
power-driven at slow speeds and are made in two general types, rc^ 
and fluted reamers. Rose reamers do all cutting on the beveled 
end. There is no relief on the lands of the flutes, and they have a 
very slight taper toward the shank to prevent binding. Chucking 
fluted reamers cut on the straight flutes, which are backed off or 
relieved the entire length. Both reamers are made with straight or 
taper shanks. A reamer, when*set up on a machine, should be "float- 


5. Expansion reamer 

6. Adjustable reamer 

7. Special-purpose reamer 
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R). 18. Sketch illuitreting termt applying to reamefi, American Standard 85.14-1941. 
(Courtesy American Standards Association.) 


are used, since the arbor can be salvaged when the reamer is worn 
out. Expansion reamers can be adjusted either to compensate for 
wear or purposely to ream oversized holes. Adjustable reamers 
differ in that they can be manipulated to take care of a considerable 
range in sizes. Taper and other special-purpose reamers are similar 
to those described, except that they are shaped for some special job. 
The sketches shown in. Figure 18 illustrate terms applying to reamers 
as proposed by the American Standards Association. 

Drilling Jigs 

In production work, where many parts are to be drilled and inter¬ 
changeability is desired, it is essential to provide means for quickly 
and accurately locating the drill with reference to the work. This is 
accomplished by building a jig which holds the part and guides the 
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cutting tool to the proper location. Such a device is a good example 
of the transfer of skill from a mechanic to an accessory part of a 
machine, thus permitting the operation to be accurately accomplished 



Section A~A 

Fig. 19. PUi* drilling iig. 


by an unskilled operator. This is well illustrated in the drilling 
of four holes in a plate bv using a plate or channel jig similar to the 
one shown in Figure 19. The jig is made with hardened steel bush- 



Fig. 20. Box*lyp« jig for drilling two side* of ■ block. 

ings which accurately locate the positions of the four holes. Any 
number of plates may be clamped in this jig, and each part will be 
identical with the other. 

Jigs all perform the same fiyaction but differ widely in appearance 
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according to the shape and design of the part to be worked on. 
Classification is based on their general appearance and construction. 
In Figure 20 is shown a box-type jig with open sides arranged for' 
drilling two sides of a block. Figure 21 illustrates a table-type jig 
for drilling four holes in a flange. 

Other types in general use include 
templet, open, indexing, diameter, 
and universal. 

A jig should be designed to 
provide quick and easy loading 
and unloading. Likewise, clamp¬ 
ing devices must be positive, and 
the design should be such that 
there is no question about the 
proper location in the part of the 
jig. Clearance is usually provided 
under drill bushings to allow chips 
to escape without having to go 
through them. This is important 
if much metal is to be removed, 
in addition, provision should be 
made for rapid cleaning of chips 
from the jig. Most jigs utilize the 
many standard parts that are 
available, such as drill bushings, thumb screws, knobs, rest buttons, 
toggle clamps, springs, jig bodies, and numerous other parts. Jigs 
are not limited to drilling operations but are also used on tapping, 
counterboring, and reaming operations. 



Hg. ^1. Tabit-fyp* 
E«iig«» keiM. 


[ig for drilling 


•oring Machinet 

Several machines have been developed that are especially adapted 
to boring work. One of them, known as a jig borer, is constructed lor 
precision work on jigs and fixtures. Similar in appearance to a drill 
press, it will do both drilling and end-milling work in addition to 
boring. The vertical boring mill and the horizontal boring machine 
are a^pted to large work. Although the op>erations that these ma¬ 
chines perform can be done on lathes and other machines, their 
construction is justified by the ease and economy obtained in holding 
and machining the work. 

Jig baring maeUum, In Figure 22 is shown a machine designed 
for locating and boring holes in jigs, fixtures, dies, gages, and other 
precision parts. Jig boring machines (insist of a rigid frame, a fixed 
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precision spindle for holding the various tools, and a movable table 
provided with accurate measuring devices upon which the work rests. 
On the machine shown in the figure, table measurements are made 
by precision end measures, with which each slide is equipped. Even 



Fig. 22. Precision jig boror. (Ceurfosy Pratt & Whitney Company.) 

inches are measured with solid end measures graduated in inches and 
fractions by an inside micrometer. At the end of the device is a 
dial indicator which acts as a pressure gage and maintains the zero 
reading with constant pressure. This means of measuring permits 
readings to an accuracy of 0.0001 inch. Another method of measur¬ 
ing used on some jig boring machines is by means of micrometer 
lead screws. This method it accurate for small machines and is 
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Rg. 23. Vcriieal boring mill. (Courtoiy GfdUingt & Lowis.) 


advantage6u5 in that the work is both moved and measured simul¬ 
taneously. For long lead screws some sort of compensating device is 
necessary to take care of known screw inaccuracies. 

A jig borer must be well equipped with proper small tools and 
accessories. The time in borii^ holes is so short that setting up if 
<^ten the longest part *of the job. Much time can be saved by 
using spotters or locating tools, reamer drills, and end reamers with 
the same-size straight shank. These tools, held in a collet, can be 
quickly changed. Additional tools and accessories should include 
boring bits, adjustable boring chucks, rotary table, collets for tods, 
and the necessary bolts and straps to hold the work. 

Because of the speed and accuracy with which jig boring machines 
can perform, they are frequently used*on short-run production jobs. 
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y«r#fe«l boring mill, The vertical tioring mill is so named be¬ 
cause the work rotates on a horizontal table in a fadiion similar to 
the old potter's mill.s The cutting tools are stationary, except for 
feed movements, and are mounted on the adjustable-height crossrail. 
These tools are of the lathe and planer type and are adapted to 
horizontal hieing work, vertical turning, and boring. This machine 
is sometimes called a rotary planer, and its cutting action on flat 
disks is identical with that of a planer. It may also be compared 
to a lathe placed in a vertical position with the rotating chuck or 
face plate horizontal. The cutting action would be the same in 
turning the outside diameter of a large cylinder. These machines, 
rated according to their table diameter, vary in size from 3 to 40 feet. 
The large machine shown in Figure 23 is a typical example. 

The vertical boring mill is able to hold large heavy parts, since 
the work can easily be placed on the table with a crane and does not 
require much bolting down to hold it in place. It also takes up very 
little floor space compared with other machines that might do the 
same work. Examples of work machined on a vertical boring mill 
are large pulleys, grinding disks for glass plants, large flange fittings, 
vertical housings for pumps and motors, flywheels, and numerous 
other circular-shaped parts. Very accurate work can be done on 
these machines because of their extreme rigidity and simplicity of 
design. ^ 

Froclilon boring mackinoi. Precision boring machines are con¬ 
structed for either horizontal or vertical operation and are frequently 
equipped with several wtfrk stations. Figure 24 shows a S-station 
machine precision-boring automotive rocker arms at the rate of 578 per 
hour. Escapements drop the pieces out of the magazine one at a 
time for machining. A continuous conveyer then takes them to the 
next operation after they are unchucked. 

Other machines are specially designed for precision boring of 
automobile cylinders. These machines bore all cylinders simul¬ 
taneously, and accurate alignment is maintained between all holes. 

Horliontal boring moehino. The horizontal boring machine, 
which differs from the vertical boring mill in that the work is sta¬ 
tionary and the tool is revolved, is adapted to the boring of hori¬ 
zontal holes, as can be seen by reference to Figure 25. The horizon¬ 
tal spindle for holding the tool is supported in an assembly at one 
end which can be adjusted vertically within the limits of the ma¬ 
chine. This movement and the rotary motion given the tool are the 
only movement the tool usually has. A work table having longitu- 

*Sm «Im diicuMien of vortfeol turrot lolho In Ciioptor 17. 
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dinal and crosswise movements is supported on ways on the bed of 
the machine. In some cases the table is capable of being swiveled 
to permit indexing the work and boring holes at desired angles. At 
the other end of the machine is jan upright to support the outer 



Fig. 24. Pr«citlen*borIng auioffletlvt reetcw «nm on 3'ititlen airiomatle macMiM. 
(CeartMy Tht N«w Britain Machin* Campany.) 


end of a boring bar when boring through holes in large castings. 
On some machines, designed for work on extremely large parts, the 
parts are bolted to a laige face plate permanently mounted on the 
floor. The upright carrying the boring spindle is then mounted on 
ways to provide means bf crosswise adjustment with the work. The 
longitudinal feed of the rotating spindle is accomplished by having 
two spindles, one inside the other, the inside one having an independ¬ 
ent traverse feed. 

florlag Tools 

Boring is the enlarging of holes previously drilled or cored. 
Drilled holes are frequently bored to» eliminate any possible eccen- 
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tricity and to enlaz^ the hole to a reaming size. Boring tools may 
also be used to finish holes to correct size as is hrquently done on 
large holes or on odd-sized holes for which no reamer is available. 

Tools used in horizontal boriqg machines are mounted in either 
a heavy bar or a boring head which in turn is connected to the 
main spindle of the machine. Most boring operations on this ma* 



Fig. 2S. Horiiontfll boring moehino. (Courtoty Tho Bullsrd Compony.) 


chine use a single-point cutter as shown in Figure 26 as they are 
simple to set up and maintain. The bar serves to transmit the power 
from the machine spindle to the cutter as well as to hold it rigidly 
during the cutting operation. The workpiece is normally stationary, 
and the rotating cutter is fed through the hole. It is often necessary 
to provide additional support for the bar as shown in the figure. 
'I'he bar must be long enough to reach the end support and also 
must provide the necessary longitudinal traverse for die machining 
operation. 

For precision boring work on milling machines, jig borers, or drill 
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presses, it is necessary to use a tool havinj; micrometer adjustment. 
Such tools are held in a cutter head and rotate. Hence, any in¬ 
crease in hole size must be obtained by adjusting the tool radially 
from its center. 



R 9 . 26. Straight boring on horiiontal boring maehino using lino b«r and and support. 

The most popular double-cutter arrangement is the block type, 
shown in Figure 27, which consists of two opposing cutters resting 
in grooves on the block. Screws are provided to lock the cutters in 
position as well as to adjust them. The entire assembly fits into a 



Rg. 27. Bloek-typa boring eiittar. 


Cutters 

^S upport Screws 


r- 


I Si 



W t 


I 



Cutter Block 


rectangular slot in the bar and is keyed in place. Cutters are ground 
while assembled in the block and are held in alignment by the center 
holes provided. The responsibility for tool accuracy and setup be¬ 
longs to the tool room personnel rather than the operator. 

The boring tool commonly used in small machines such as lathes, 
is a single-pointed tool, supported in a manner that permits its entry 
into a hole. This tool, shown in Figure 28^4, is forged at the end and 
then ground to shape. It is supported in a separate holder which 
fits into a lathe tool post. For turret lathes, slightly different hold¬ 
ers and foiged tools, similar to the one shown at B, are used. A 
modification of this tool is the boring»bar shown at C, which is de- 
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Ftg. 21. TypM of boring footi. 
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signed to hold a small, high-speed steel tool bit at the end. The bar 
supporting the tool is rigid and may be adjusted according to the hole 
length. Although the clearance, rake, and cutting angles of these 
tools should be similar to those recommended for lathe work, these 
angles cannot be used if the holes are small. Greater end clearance 
is necessary, owing to the curvature of the hole surfat:e, and back 
rake is almost impossible to attain because of the position of the 
tool. This may be seen by reference to the illustration showing the 
tool in working position. I'he side-rake and side-clearance angles 
have no restrictions placed on them and may be ground correctly. 
As the internal diameter is increased, properly shaped tools with 
correct angles can be used. 

In production work boring cutters with multiple-cutting edges are 
widely used. These cutters, shown at F, resemble shell reamers in 
appearance but are usually provided with inserted tooth cutters 
which may be adjusted radially to compensate for wear and varia¬ 
tions of diameter. Boring trails of this ty]X have longer life than 
single-]Jointed Uatls and, hence, are more economical for production 
jobs. 'I'he coumerboring tool ut E, provided with pilots to insure 
concentric diameters, is designed to recess or enlarge one end of a hole. 


REVIEW QUESTIONS 


1. What arc tlir (ointiiuii nuihtKis of prrxliicing a hole in metal? 

2 . Dcstiihe the npeiation of drilling and the Type of (cmiIs used. 

3. For M'hat type of work is a gang drill used? 

4. Wliat are the features ot a universal radial drilling machine? 

5. What two types of automatic production drilling machines exist, and how 
do they operate? 

4, What ty|K‘ prodncts arc machined on transfer machines? 

7. What ^ect-docs tlic helix angle have on drill performance? 

1. Why should cutting fluids be used in drilling operations? 
f. How is the cutting speed of a drill determined? 

10. How is drill feed expressed? 

11. What is the procedure for producing an accurate hole? 

12. What is the function* of a reamer? 

13. What is a jig? 

14. How are holes located and drilled in precision paru? 

If. For what type of work is a vertical boring machine used? 

If. Describe the tools used on a horiaontal boring machine. 




ORiUlNG AND lOftINe MACHINES 


RIPillENCIS 


American Machinist’s Handbook, McGraw-Hill Book Company, 1955. 

BoU, R. W.. Production Processes, Fenton Publishing Company, Vol. 1, 1949. 
Colvin, F. H., and L. L. Haas, Jigs and Fixtures, 4th edition, McGraw-Hill Book 
Company, 1943. 

Horizontal Boring, Drilling and Milling Machine Handbook, Giddingi and Lewis 
Machine Tool Company, 1947. 

Hinman, C. W., Practicid Design for Milling and Drilling Tools, McGraw-Hill 
Book Company, 19S6. 

Hoagiand, F. O., "Drill Points for Deep-Hole Drilling," Machinery, October 1940. 
Tool Engineers Handbook, American Society of Tool Engineers, McGraw-Hill 
Book Company, 1949. 



CHArTBR 


MILLING MACHINES 

AND 

CUTTERS 


A milling machine is a machine tfX)l that, removes metal as the 
work is fed against a rotating cutter. Except for rotation, the circu¬ 
lar-shaped cutter has no other motion. It is called a milling cutter 
and has a series of cutting edges on its circumference, each of which 
acts as an individual cutter in the cycle of rotation. The work is held 
on a table whirii controls the feed against the cutter. In most ma¬ 
chines there arc three pv).ssible table movements, longitudinal, cross¬ 
wise, and vertical, but in some the table may also possess a swivel or 
rotational movement. 

The milling machine as the most versatile of all machine tools. 
Flat or formed surfaces may be machined with excellent finish and 
great accuracy. Angles, slots, gear teeth, and recess cuts can be made 
by using various cutten. Drills, reamers, and boring tools can be 
held in the arbor socket by removing the cutter and arbor. Since all 
table movements have micrometer adjustments, holes and other cuts 
can be accurately spaced. Most operations performed on shapers, 
drill presses, gear-cutting machines, and^broaching machines can like¬ 
wise be done on the milling machine. It produces a better finish and 
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holds to accurate limits with greater ease than a shaper. Heavy cuts 
can be taken with no appreciable sacrifice in finish or accuracy. Cut¬ 
ters are efficient in their action and can be used a long time before 
being reshar^iened. In must cases the work is completed in one pass 
of the table. These advantages plus the availability of a wide variety 
of cutters make the milling machine indispensable in the shop and 
toolroom. 


Clossificatien of Milling Machlnos 

Milling machines are made in a great variety of types and sizes. 
The drive may be either a cone-pulley-belt drive or an individual 
motor. I'he feed of the work may be by hand, by mechanical means, 
or by a hydraulic system. There is also a variety of possible table 
movements. 'I’lie usual classification is in accordance with the gen¬ 
eral design, but even in this classification there is some overlapping. 
According to design, the distinctive types are: 


1. Column and knee type 

(a) Hand miller 

(b) Plain milling machine 

(c) Universal milling machine 

(d) Ram-type universal 

(e) Vertical milling machine 

2. Planer milling machine 

3. Fixed-bed type 

(а) Simplex milling machine 

(б) Duplex milling machine 
(c) 'I'riplcx milling machine 


4. Special types 

(a) Rotary table machine 

(b) Drum milling machine 

(c) Planetary milling machine 

(d) Stationary long table machine 

(e) Offset milling machine 

(/) Duplicator or profiling machine 
(g) Pantograph milling machine 


Typus of Milling Mochlnoi 

Hand milling machine. I'he simplest type of milling machine is 
haiul-oixTHtcd. It may have either the column and knee construction 
or the table mounted on a fixed bed. Machines operated by hand are 
used principally in production work for light and simple milling 
operations, such as cutting grooves, short kevways, and slotting. 
These machines have a horizontal arbor for holding the cutter and 
a work table which is usually provided with three movements. The 
work is fed to the rotating cutter either by the hand movement of a 
long lever or by a hand screw feed. 

Main milling machine. The plain milling machine is similar to 
the hand machine except that it is of sturdier construction and is 
provided with a power-feedicig mechanism to control the taWc move- 
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« 

ments. Plain milling machines of the column and knee type liave 
three motions, longitudinal, transverse, and vertical. Those of the 
fixed-bed type have only longitudinal table travel but have provision 
for transverse and vertical adjustmejnts on the spindle which holds 
the milling cutter arbor. 

Figure 1 is a diagrammatic sketch of a column and knee plain 
milling machine with the principal parts labeled. Although this is 
a general-purpose machine, it has considerable use in production 
work. The three table movement hand controls are indicated, but. 



Fig. I. Plain knM-iyp* milling machine. (Courtaiy Kaarnay S Trackar Corporation.) 

in addition, each movement is provided with power feed in either 
direction and rapid traverse. Where the machine is to be used for 
a production job exclusively, the table can be provided with an 
automatic cycle. All adjustments on the knee, saddle, and table are 
controlled by lead screws, .provided with micrometer adjustment at 
the hand wheel. 

Cutters are mounted on the horizontal arbor which is rigidly sup¬ 
ported by the overarm, spindle, and end brat:es. The spindle of the 
machine is hollow, with a taper (3^ inches per foot) at the end lo 
accurately locate the arbor. Arbors aic held in place by a long boh 
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which screws into the tapered end and is fastened at the back of the 
machine. 

VftlvDrMl milling macklun. The universal machine is essentially 
a toolroom machine constructed for very accurate work. In ap 
|}earance it is quite similar to the plain type of milling machine, but 
differs in that the work table is provided with a fourth movement 
whch permits the table to swivel horizontally. It is equipped with 
an index or dividing head. The machine was originally designed 
with the swiveling feature to permit the cutting of spirals, such as 
are found on drills, milling cutters, and cams. In addition to being 
eqiiip|>ed with the dividing-head equipment, universal millers may 
also be provided with vertical milling attachment, rotary-table at¬ 
tachment, vise, and other similar accessories, all of which add to its 
utility as a toolroom machine. Aside from doing all types of mill¬ 
ing operations, these machines will also do practically any type of 
o|3eration that can be done on a shaper or a drill press. 

A modification of the universal machine is called an omniversal. 
This machine is provided with an additional adjustment so that the 
table may be tilted and, in that position, fed horizontally. 

Ram-typn univnnal maekinn. Another universal machine, 
known as a ram-type, is shown in Figure 2. The cutter head is 
pivoted to the face of the ram and is capable of any angle adjustment 
between vertical and horiz|ontal. The ram, which carries the cutter 
head, is provided with an in-and-out movement over the work table 
With the combined adjusting features of the cutter head, ram, and 
work table, it is possible lo do conventional horizontal, angular, or 
vertical milling. This range of adjustment often makes it possible 
to complete jobs with one setup without having to change to some 
other machine. 

Vnrtical milling mochiii*. A typical vertical machine, shown in 
Figure 8, is so called because of the vertical position of the cutter 
spindle. The table movements are the same as in plain machines. 
Ordinarily, no movement is given to the cutter other than usual rota¬ 
tional motion. However, the spindle head may be swiveled, which 
[lemiits setting the spindle in a vertical plane at any angle from 
vertical to horizontal. This machine is also provided with a short 
axial spindle travel to facilitate step milling. Some vertical milling 
machines are provided with rotary attachments or rotating work 
tables to jierniit the milling of circular grooves or continuous milling 
of small production parts. Cutters are all of the end-mill type. 

Uses of the machine include drilling, boring, and reaming, accurate 
spacing of holes because of the micrometer adjustment of the table. 
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tao^ caa, and enishing in recesaes.' Profiling and dlwinliing 

machines an very similar to vertical milling machines in thrir 
operation. 



Fif. 2. IUm-fyp« UnIvtrMi milltr. (Courivsy Van NertMii Company.) 

fflllllng maeftfno. This type of milling machine 
receives its name from its resemblance to a planer. The work is 
ramed on a long table, having only a longitudinal movement, and 
is fed against the rotating cutter at the proper speed. The variable 
table-feeding movement and the rotating cutter are the principal 
features that distinguish this machine^rom a planer. Transverse and 
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vertical movements are provided on the cutter spindle. These 
machines are designed for milling large work requiring heavy stock 
removal and for accurate duplication of contours and profiles.. A 
hydraulically operated unit of this type is shown in Figure 4. 



H 9 . 3. Rotary hoad vartieal milling maekina. (Courtaty Kaamay & Traekor 
Corporation.) 

FlM9d»b9d fypoa of mlfffiif maekiMM, Machines of this type are 
essentially production machines and are of rugged construction. The 
names simplex, duplex, and triplex indicate that the machine is 
provided, respectively, with single, double, and triple spindle heads. 
Figure 5 illustrates the tooling on a fixed-bed single-head machine for 
the simultaneous milling of slots in the ends of four valve tappets. 
In this case two hand clamping fixtures are mounted on each end of 
a swiveling base. After the operator loads one set of fixtures, he 
swivels the index base 180 degrees and by pulling a lever actuates 
the following uble cycle: rapid advance to work, feed work to cut- 
ter, reverse, rapid return and stop. Since this is a production ma- 
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Rg. 4. Plan*r>lyp« milling maehlna. (Courtasy Giddingt & Lawii Maehlna Tool 
Company.) * 



Rg. S. SlmultanaoMi milling of iloh In ands ofcd^aWa tappah. ' (Ceurtaiy Tha On* 
einnafi Milling Maehina Company.) 
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chine, it is often equipped with a tracer control which guides the 
tool and permits the cutting of irregular contours. A discussion of 
this type of tool control is given later on in this chapter. 

SpMlal Millinfi MaehiMt * 

IKofary fablm mUlhg mackla*. Rotary table machines, like the 
one shown in Figure 6, are adaptations of the vertical milling ma¬ 
chine to a rather specialized use. In this case there are two vertical 



Ftg. 4. Rpt«ry labU milling machina. (Courfacy Tha Ingartell Mining Maelilna 
Company.) 


spindles, each equipped with a facing mill. Cylinder heads are 
roughed at the first station and then finish-milled as they pass the 
second station. The opeiation is continuous and there is ample time 
for the of>erator to load and unload the machine during the milling. 
This machine is fast but is obviously limited to the milling of flat 
surfaces. 

Drum~fyp 0 milling manhinn. Drum-type millers are special ma¬ 
chines designed for production work. They have a large drum 
fixture similar to the turret on a turret lathe upon which the wmrk 
is mounted. In operation, the drum fixture rotates slowly, carrying 
the work against the rotatingjcutters. Usually there are four cutter 



SKCIAL MILLING MACHINES 4fS 

spindles. The operaiion is continuous, since the parts are removed 
and new ones added after the work has completed its cycle. Most 
of the work formerly done on drum millers is now done on broach* 
ing machines or process lines wherp the part is transferred from one 
station to another. 

OfFtof mfffliif moeftfne. The offset miller is another production- 
type machine. In most of these millers the cutter is mounted on a 
vertical spindle which extends into a fixture. This fixture is offset, 
or mounted eccentrically with the cutter, so that, as it revolves, the 
work is milled as it passes by. The operation is similar to internal 
grinding with the work being rotated. Only single milling operations, 
such as slotting or straddle cutting, are performed in this manner. 

naiffary miffliig machine. Planetary milling machines are used 
for milling both internal and external short threads and surfaces. 
The work is held stationary, as shown on the machine in Figure 7, 
and all movements necessary for the cutting are made by the milling 
cutters. At the start of a job, the rotating cutter is in center or 
neutral position. It is first fed radially to the proper depth and 
then given a planetary motion either inside or around the work. 
The relation between the work and the cutters is illustrated by the 
line diagram above the machine in the figure. Both internal and 
external work can be done simultaneously. Typical applications of 
this machine include the milling of intd^nal and external threads of 
all kinds of tapered surfaces, bearing surfaces, rear axle end holes, 
airplane crankcases, shell and bomb ends. 

Sfatlanary long fable milling ma^htne*^ This machine was 
developed to do contour milling on main spars, channel beams, and 
cap strips for modern airplanes. Because of the length of the parts to 
be machined the bed of the machine is stationary and is made up in 
sections varying in length from 30 to 90 feet. All cutters are con¬ 
tained and operated within a carriage which is mounted on and 
travels the length of the bed. Work mounted on the bed is auto¬ 
matically milled to shape by vertical and horizontal cutters which, 
in turn, receive their direction from individual templets beside 
the work. * 

Duplicating and prodllng machine*. A large variety of machines 
which have been developed for die and mold cutting, engraving, and 
profiling are known as duplicators, die sinkers, profiling machines, 
pantograph machines, etc. Most of them are a special adaptation 
of a vertical milling machine, although a few operate with the spindle 
in a horizontal position. The hand-profiling machine is perhaps the 

1A nueMm of this typ* it iiMiniif«etiir*d by* th« Onuud Maehint Werb. 
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Rg. 7. Planetary milling maebina setup for milling threads on bomb and. A and B 
show cutter action for both asternal and internal milling. (Courtesy The Hail Planetary 
Company.) 

e 

simplest, having a rotating cutler whose motion is controlled by 
hand movements of the worit table. These movements are guided 
by moving the table so that the guide pin is in contact with some 
form or templet as shown in Figure 8. This, in general, is the 
principle involved in all machines of this type, except that in many 
of them the movement is automatically controlled from a templet 
by hydraulic or electrical means. 

Faefograph engraving machines. These machines receive their 
name from the pantograph linkage used to reproduce from a tem¬ 
plet at either an enlarged or a reduced scale. 

A two-dimensional pantograph, designed for heavy-duty work, is 
shown in Figure 9. 'Fhis is a motorized operation with everything 
automatic within the cycle. The tracer is attached to an endless 
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F 19 , 8 « Pref!lin 9 with former pin. (Courtesy Pratt S Whitney Divisief^~-Nife>*Bemenf« 
Pend Compeny.) 



R 9 . 9. Two-dimeniienel heevy^uty pentegreph mechine. (Courtecy George Geiden 
Medline Compeny.) 





491. 


MILLING MACHINES AND CUHEItS 


chain in the master form and is motor driven at the i^uired speed 
for the job. The work cycle is as follows: rapid traverse of cutter 
to work, standard downf^ of cutter until it has reached bottom 



Fig. 10. Aufemade duplicator machim for dia weric. (Ceurtafy Inganoll Milling 
Machine Company.) 


of cut, controlled feed of cutter by tracer, and finally rapid up- 
traverse of cutter to clear casting. By changing the link arrange¬ 
ment of the pantograph, any figure or design can be enlarged or 
reduced in size according to required proportions. Machines of this 
same general design are also used for engraving silverware and in 
light metal die work. A three-dimensional machine is available for 
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machining parts of any shape or contour. It, too, is equipped with 
a pantograph mechanism, so an increase or reduction in size can 
be obtained. 

The production of large forming dies for automobile fenders, tops, 
and panels is an important use of duplicator machines. Such a 
machine, of large capacity, is illustrated in Figure 10. The machine 
itself rests on a track and is entirely automatic in operation. Both 
the templet and the die block are supported on the large angle 
bracket in front of the machine. A templet of the part to be pro¬ 
duced is first prepared and is mounted above as shown in the figure. 
These templets are made of hard wood, plaster of Paris, or other 
easily worked materials because the only purpose they serve is to 
guide the pointer which controls the tool position. The method of 
cutting and general op>eration of the machine can be seen by referring 
to the figure. 

Controls for Milling Cuttors 

The manual control of tools on profilers and pantograph machines, 
where the operator guides the tool from a templet or model, is 
satisfactory for certain types of work, but is not economical in pro¬ 
duction jobs involving the removal of much metal. Automatically 
controlled tracer methods have been developed which are operated 
by electrical or hydraulic means. The mbvement of a roller or tracer 
on a templet is transferred through a properly arranged circuit 
to the cutting tool. During this movement forces are released which 
move the various machine slides in a Inanner to give the cutter 
identical movements with that of the tracer. In Figure 11, two slides 
of the vertical Hydro-tel milling machine, at right angles to one 
another, are hydraulically controlled by the 360-degree tracer unit, 
and all four connecting rods are simultaneously milled. Duplicate 
fixtures are provided to eliminate loading and unloading time. 

For complete circumferential milling of an object, vertical milling 
setups are necessary, the axis of the tracer unit being parallel to the 
milled, surface. When cutters are used on horizontal arbors, only 
180-degree movement of the cutter is possible. In this case the 
tracer unit and the templet which it rides are next to the machine 
column. As the milling machine table is fed, the cutters rise and 
fall as dictated by the tracer unit following the templet. Contour 
milling with the unit having 180-degree movement may also be done 
with vertical mills, the work and tracer being fed either in a straight 
line or rotated on duplex rotating tables. 

Rise-and-fall movements on milling tables may also be accom- 
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plished by the use of heavy cams with roll followers in combinati<m 
with trip d<^ whidi start and stop various slide movements. This 
direct control of the motion of one slide while the other is moving 
at a uniform feed rate imposes heavy loads on the driving xnecha- 
nism and is not satisfactory for steep climbs. Hydraulically con¬ 
trolled tools require only light contact with form or templet and 



Rg. II. Four-spindl* v«rtic«i Hydro-Nl milling maehint hydraulically eentrollad by tha 
360-dagraa tracer unit. (Ceurtasy The Cincinnati Milling Machine Company.) 


have a much greater range of movement. Automatic-tracer-con¬ 
trolled tools provide rapid and accurate machining of irregular 
surfaces otherwise difficult to machine with economy. 

The Velvetrace Kellering Attachment for three-dimensional re¬ 
production, shown in Figure 12, can be adapted to most conventional 
vertical milling machines. The tracer, electrically controlled, is so 
designed that it follows the shape of a model, but does not touch it. 
Basically, the tracer utilizes a high tension spark gap of high voltage, 
low current, which produces a minute spark of constant length 
between the tracer point and the electrically conductive model. Any 
variation in the spark gap produces a proportional change in voltage 
aaoss the gap, which is instantly amplified and used to control the 
cutter spindle. Applications for accurate reproduction of three- 
dimensional forms include metal molds and dies for silverware, art 
metal, plastics, and glass manufacture. 
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Fig. 12. Valvatraca KeiUrSng attachment for 3>dimen(ional raproduetien. (Courtety 
Pratt R Whitney.) 


Th« lncl«x Hcod and Its Operation 

An index or dividing head is used to rotate the work through a cer¬ 
tain number of degrees or through a fraction of a revolution, or while 
the table is feedjng, as when cutting helical gears. It is a regular 
piece of equipment on a universal milling machine but may be used 
on other machines as well. In Figure 13 is shown an index head 
and its footstock mounted on the worktable of a madiine. Since 
much of the work to be machined has' to be supported between 
centers, both units are necessary. 

The index head is nothing more than a* worm-gear reducer having 
a ratio of 40 to 1; that is, 40 turns of the crank will rotate the work 
one complete revolution. The work spindle which is attached to the 
worm gear has a tapered hole to receive the live center and is also 
threaded to hold a chuck. A U-shaped piece is ordinarily on the 
spindle to give positive motion to the work through a dog. Just back 
of this piece is a direct index plate having 24 equally spaced holes. 
The entire spindle assembly may be swiveled from horizontal to 
vertical position. The shaft which operates the worm gear extends 
to the side of the mechanism and through the index plate and sector. 
On its end is a crank, having an index pin which fits into the holes 
on the index plate. Since the plate does not turn, the crank is 
locked when the index pin is engaged in one of the holes. The index 
plate is provided with several concentric circles of equally spaced 
holes to assist in determining the proper number of revolutions of 
the handle where a fraction of a revolution is involved. The sector 
arms on the plate are to eliminate tha counting of spaces when the 
handle is being turned between cuts. 
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The thiee types of indexing used are simple^ direct, and differential. 
Most indexing is of the first type and is accomplished by turning the 
crank a number of turns to rotate the work the desired amount, the 
index plate being held in a fixed position. With a ratio of 40 to 1, 
one revolution of the crank will rotate the work ]/4o ^ revolution. 



Fif. 13. aiMmbly for milling • apiir gnnr. (Courtesy Cineinnoti Milling 

Mocliino Cempony.) 


Hence, in cutting a gear with 40 teeth the crank would be locked to 
the plate by the index pin and a cut would be made. After the cut, 
the handle would be turned one revolution and another cut taken, 
and so on. To cut a gear with 20 teeth would require 2 turns of the 
handle, or to cut 8 flutes on a reamer, 5 turns. As long as the number 
of cuts to be taken is a factor of 40, it is a simple matter to calculate 
the number of handle turns. By following these simple calculations, 
it is quite obvious that an expression can be set up to compute the 
number of handle turns for a given condition. The rule to use is 


Tttrnt of index handle 


turns handle to produce I turn of work (usually 40) 
mts to be nude in 1 revolutfon of work 


THE INDEX HEAD AND ITS OPERATION Ml 

When the number of cuts to be made is not evenly divisible into 
40, it follows that fractional turns must be made; and for this it is 
necessary to use the sector device. Assume that 32 teeth are to be 
cut on a spur gear. If the afore-mentioned rule is used, the number 
of turns of the index handle would be *%2 ot1% turns. First, select 
a circle on the index plate that is divisible by 4. If a 24-space circle is 
available, set the sector arms so that there are 6 spaces between them. 
Hence 1 revolution of the crank plus 6 spaces would give the work the 
required movement. The same results could be obtained by using 
a circle with 48 spaces and turning one turn plus 12 spaces. To cut 
a gear with 72 teeth, the number of turns would be in the ratio of 
%• 3 54-space circle were available, the sector arms should 

be set for 30 spaces. In setting the arms, spaces and not holes should 
be counted. 

Direct indexing is accomplished by using the index plate attached 
to the work spindle. This plate has 24 divisions and is engaged by 
a plunger pin on the head. The worm is disengaged from the worm 
gear, and the plate is turned the required amount by hand. This 
system of indexing is limited only to those divisions that are factors 
of 24. It is a quick method of indexing and is used when only a few 
cuts are required in a revolution. 

When indexing is done by degrees with a 40-to-l index head, each 
turn of the handle represents ^ dlsgrees. If a 27-space circle 

were selected, a movement of three spaces of the handle would move 
the work I degree. Four spaces on a 36-hole circle would also 
represent 1 degree, whereas one space woidd move the work only % 
degree. By similar calculations the work may be moved any number 
of degrees or through most common fractions of a degree. 

Differential indexing is used when the work has to be turned an 
amount that cannot be obtained by simple indexing, owing to the 
lack of a circle on the index plate with the correct number of spaces. 
For such conditions the index plate is unlocked and connected to a 
train of gears which receive their motion from the worm-gear spindle. 
As the handle is turned, the index plate also turns, but at a different 
rate and perhaps in the opposite direction. Its movement depends 
on the gears used to drive it. Information for calculating the correa 
gears to use for a given condition can be found in machine instruc¬ 
tion books. After the gears are set up, the operation is similar to 
simple inducing. Differential indexing makes it possible to rotate 
the work any fraction of a revolution with the usual index plates 
furnished with the equipment. 

Spiral milling is accomplished by routing the work as it moves 
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against the rotating cutter. This is done with the use of connecting 
gears from the lead screw of the work table to the handle spindle of 
the index head. The lead of the spiral, the distance it advance in 
one revolution, is controlled by Lhese gears. With a 40>to>l reduction 
in the index head and a 4-pitch lead screw, the lead would be 10 
inches if no increase or reduction in the outside gears is assumed. 
The ratio for computing these gears is 

Product of the driving gears__ 

Product of the driven gears desired lead 

Spiral milling is used in cutting spiral gears, flutes on various tools, 
screws, worm gears, and some types of cams. 

Typos of Milling Cuftors 

The milling machine is most versatile because of the large variety 
of milling cutters available. These cutters are usually classified ac¬ 
cording to their general shape, although in some cases they are classi¬ 
fied by the way they are mounted, the material used in the teeth, 
or the method used in grinding the teeth. 

There are three general designs of cutters: 

L Arbor eaffon. These cutters have a hole in the tenter, for 
mounting on an arbor. * 

2 * Shook eutfon* Cutters of this type have either a straight or 
tapered shank integral with the body of the cutter. When in use, 
these cutters are mounteikin the spindle nose or in a spindle adapter. 

I. Paeo eoffors. These cutters are bolted or held on the end of 
short arbors and are generally used for milling plane surfaces. 

Classification according to materials follows similar classifications 
of other types of cutting tools. Milling cutters are made of high- 
carbon steels or various high-speed steels, with sintered-carbide tips, 
or of certain cast nonferrous alloys. High-carbon steel cutters have 
a limited use, since they dull quickly if high cutting spteeds and feeds 
are used. Most generai-purpose cutters are made of high-speed steels, 
because such steels maintain a keen cutting edge at temperatures 
around 1000 to 1100 F. Consequently, they may be used at cutting 
sjDeeds 2 to2^, times those recommended for carbon-steel cutters. Cast 
nonferrous metals, such as Stellite, Crobalt, or Rexalloy, and carbide- 
tipped cutters, have even greater resistance to heat and are especially 
adapted to heavy cuts and high cutting speeds. These materials are 
either used as inserts held in the body of the cutter or are brazed 
directly on the tips of the ^th. 
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Cutting speeds of face cutters range from two to five times those 
recommended for high-speed steel. 

Teeth in milling cutters are made in two general styles according 
to the method used in sharpening them. Profile cutlers are sharp¬ 
ened by grinding a small land back of the cutting edge of the tooth. 
This also provides the necessary relief at the back of the cutting edge. 
Formed cutters are made with the relief (back of the cutting edge) of 
the same contour as the cutting edge. To sharpen these cutters the 
face of the cutter is ground so as not to destroy the tooth contour. 

The types of cutters most generally used, shown in Figure H, 
are classified principally according to their general shape or the 
type of work they will do. 

1. ffafn mffffiif euftmr. A plain cutter is a disk-shaped cutter 
having teeth only on the circumference. The teeth may be cither 
straight or spiral, but they are usually spiral if the width exceeds 
% inch. Wide spiral cutters of this tyjje used for heavy slabbing 
work may have notches in the teeth to break up the chips and facili¬ 
tate their removal, v 

2 . Side- milling cuttnr. This cutter is similar to a plain cutter 

except that it has teeth on the side. In some cases, where two cutters 
operate together, the cutter is plain on one side and has teeth on the 
other. Side milling cutters may have straight, spiral, or staggered 
teeth. * 

3. Mntal alltfing sow cuttnr, ^ This cotter resembles a plain oi 
side cutter except that it is made' very thin, usually inch or less. 
Plain cutters of this type are relieved by grinding the sides to afford 
clearance for the cutter. 

4 . Angin milling cuttnr. Any cutter, angle-shaped, comes under 
this classification. They are made into both single- and double¬ 
angle cutters. The .single-angle cutters have one conical surface, 
whereas the double-angle cutters have teeth on tw’o conical surfaces. 
Angle cutters are used for cutting ratchet wheels, for dovetails, flutes 
on milling cutters, and reamers. 

5. Form milling cuttnn. This name is applied to any cutter on 
which the teeth are given a special shape. I'his group includes 
convex and concave, cutters, gear cutters, fluting cutters, corner- 
rounding cutters, and many others. 

4. End-mlll cuttnre. These cutters have an integral shaft lot 
driving and have teeth on..hoth periphery and ends. I'hc flutes may 
be either straight or helical.' Large cutters called shell eiul mills, 
have the cutter part separate and are held to a stub arbor, as shown 
in Figure 15. Owing to the cost of higl^speed steel, this construction 
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Typtt of milling eutfon. (Couriosy Brown & Sharp* Mamifnefuring Company.) 


Spiral and mill evHar. 

T'slot milling euttar. 

Hain euttar with spiral taath. 
Angl* milling euttar. 
Wr^rulf Itaysaat euttar. 
Main milling euttar. 


Ig) intartad tooth euttar. 
k] Metal slitting saw euttar. 

/) Form euttar for gear taath. 
Sid* milling euttar. 

Spiral doubla^nd and inlll. 
Eitra'long spiral and mill. 
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results in a considerable saving in material cost. End mills are used 
for surfacing projections, squaring ends, cutting slots, and in recess 
work such as die making. 




SHELL END MILL ANtOR 


Rg. IB. SIwII and mill and arbor. 


7. T-tlo# esflurs. Cutters of this type resemble small plain or 
side milling cutters which have an integral straight or tapered shaft 
for driving. They are used for milling T slots. A special form is 
the Woodruff keyseat cutter, which is made in standard sizes for 
cutting the round seats for Woodruff keys. 

8. iMorfud t9ofk tvfHr. As cutters increase in size, it is eco¬ 
nomical to insert the teeth made of esqsensive material into less 
expensive ordinary steel. Teeth in such cutters may be replaced 
when worn out or broken. 

Milling-Cuttor Tooth 

A typical milling cutter, with various angles and cutter nomen¬ 
clature, is shown in Figure 16. For most high-speed cutters positive 
radial rake angles of 10 to 15 degrees are used. I'hese values are 
satisfactory for most materials and represent a compromise between 
good shearing or cutting ability and strength. Milling cutters made 
for softer materials, such as aluminum, can be given much greater 
rake with improved cutting ability. 

Usually only saw-typb and narrow, plain milling cutters have 
straight teeth with zero axial rake. As cutters increase in width, a 
positive-axial-rake angle is used to increase cutting efficiency. 

For high-speed milling with carbide-tipped cutters, negative-rake 
angles (both radial and axial) are generally used. Improved tool 
life is obtained by the resultant increase in the lip angle; also, the 
tooth is better able to resist shock loads. Plain milling-type cutters, 
with teeth on the periphery, usually are given a negative rake ol 
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5 to 10 degress when steel is being cut. Alloys and medium-carbon 
steels require greater negative rake than soft steels. Exceptions to 
the use of negative-rake angles for carbide cutters are made when 
soft nonferrous metals are milled. 

The clearance angle is the included angle between the land and a 
tangent to the cutter from the tip of the tooth. It is always positive 
and should be small so as not to weaken the cutting edge of the 
tooth. For most commercial cutters over 3 inches in diameter, the 


Lcewt e w of cut t er 



cuTTiNo eoee 


CLEARANCE ANCLE 

/ / 'M ' '“CeUEF ANCLE 

^—CLEARANCE FOR 
CHIPS 


Fig. 16 . Milling ^cuUcr with various anglas indicatad. 


clearance angle is around 4 to 5 degrees. Smaller-diameter cutters 
have increased clearance afigles to eliminate tendencies'for the teeth 
to rub on the work. Clearance values also depend on the various 
work materials. Cast iron requires values of 4 to 7 degrees, whereas 
soft materials such as magnesium, aluminum, and brass are cut 
efficiently with clearance angles ol 10 to 12 degrees. The width of 
the land should be kept small; usual values are He inch. A 

secondary clearance is ground back of the land to keep the width 
of the land within proper limits. 

Much research on cutter form and si/e has proved that coarse 
teeth are more efficient for removing metal than fine teeth. A coarse- 
tooth cutter takes thicker chips and has freer cutting action and more 
clearance space for the chips. As a consequence, these cutters pro¬ 
vide increased production and decreased power consumption for a 
given amount of metal removed. Also, fine-tooth cutters have a 
greater tendency to chatter than those with coarse teeth. However, 
they are recommended for saw cutters used in the milling of thin 
materials. « 
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Cuffing Spuud and Fend 

The cutting sp>eed of a milling cutter is determined by the }>eriph- 
eral or surface speed of the cutter. The movement of the work 
past the cutter is not considered in this calculation. The cutting 
speed may be expressed by the following equation: 

tDX 

CS = -j Y " = feet per minute 

D is diameter of cutter in inches and N is revolutions per minute. 

Since the cutting speed is seldom the unknown, the equation is 
generally expressed in terms of spindle revolution. 


12 CS 

N ^ - - - = rprn of spindle 

TlJ 


If the cutter diameter and cutting speed of the given material are 
known, this expression gives the proper rotational speed of the 
spindle. In the selection of the proper cutting speed, the following 
factors should be considered: 

L Cutter material. Cutting speeds are usually given in values 
for high-speed steel cutters. The.se values arc twice those for carbon- 
steel cutter.'! and one-half to one-fifth those recommended for carbide- 
tipped cutters. 

2. Kind of material being cut. I'he Brinell hardness of a mate¬ 
rial is an excellent guide as to its ease of machining. Soft materials 
like magnesium and aluminum can be milled at much higher speeds 
than harder materials. Approximate cutting speeds for various 
materials are given in Table 1.5, p. .?64. 

3. Type of Knish required. The best finishes are obtained with 
light feeds and high vutting s|)eeds. In general, the cutting $]:;)eed of 
finishing cuts should be about 20% higher than roughing cuts. 

4. Cutter life. Heavy cuts, which accumulate heat rapidly, must 
be taken more slowly than light cuts. Low cutting speeds should be 
used for long cutter life. 

5. Ute of eaolant, *High cutting speeds generate much heat 
which must be dissipated to protect cutter and work. To accom¬ 
plish this, the tool and the work should be flooded with a coolant 
such as soluble, sulfurized, or mineral lard oil. An exception to this 
is cast iron, which is often milled dry because of the abrasive action 
of the chips. Kerosene is frequently used as a coolant for aluminum. 
Since water mixtures present a hre hazard in machining magnesium, 
only straight cutting oils should be us^d. 
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There are two methods of feeding work to the cutter, as shown in 
Figure 17. Feeding the work against the cutter, as indicated in A, 
is usually recommended, since each tooth starts its cut in clean 
metal and does not have to break through possible surface scale. 
However, tests have proved that, when the work is fed in the same 
direction as cutter rotation (as shown at B), the cutting is more 
efficient. Larger chips are removed, and there is less tendency fcnr 



A. B. 


Fig. IT. of fooding work on milling moehino. 

chatter. This method is frequently used in production work where 
large cuts are to be taken and the surface of the work is free from 
scale. 

Feed on milling machines is expressed in either of two ways. On 
some machines it is expressed in thousandths of an inch per revolu¬ 
tion of cutter. .Such machines have feed changes ranging from 0.006 
to as high as 0.300 inch. The other way is to express the feed of 
table in inches per minute! the usual range being from % to 20 
inches per minute. 

HgfsrBs 

All milling-machine work must be accurately located and rigidly 
held during the cutting operation. This is ordinarily done by using 
a fixture which holds the work securely but does not guide the tool. 
Fixtures should be designed with the following points in mind: 

1. Work clamps should be quick acting for loading and unloading 
the part. 

2. The work piece must be accurately positioned within the fixture. 

3. Provision should be made for the disposal of chips. 

4. Fixture should be rigid. 

The various fixtures mounted on machines, as shown in Figures 
5, 6, and 11, produce interchangeable parts at a reduced operation 
time. • 


REFfRENCES 


ill 


RIVIIW 9UI$TI0NS 


1. What machining operations can be*done on a milling machined 

2 . What additional operations can be performed If the machine is equipped 
with an index head? 

3. How is simple indexing done and for what is it used? 

4 . Compare a vertical milling machine with a vertical drill press and sute 
what kind of woric each will do. 

5. How are table or cutter adjustments made on a fixed-bed milling machine? 

4 . What type of work can be done on rotary-table milling madiines? 

7. Explain how a planetary milling machine operates. 

t. What are the essential differences between a planer and a planm type 
milling machine? 

9. What type of milling machine do you recommend for the following jobs: 
cut teeth on gear, mill long spars for airplanes, mill impression in metal die, 
mill surface on aluminum ingot, and cut recess in small casting? 

10. Name and describe the different kinds of milling cutters used. 

11. A spur gear is to have 35 teeth. How many tunu of the index head crank 
should be made between cuts? 

12. How would you mill the hexagon sides on a large hexagon head bolt? 

13. How would a T-slot be milled in a casting? 

14. How is the cutting speed of a milling cutter determined? 

15. How is feed expressed on a milling machine? 

14. Sketch a milling cutter tooth and indicate rake, clearance and lip angle. 

17. What are some of the important points to,be considered in the dmign of a 
milling fixture? • 
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Gears are commonly used to transmit power or rotary motion 
from one shaft to another. They have the advantage over friction 
and belt drives in that they are positive in their action, a feature 
which most machinery requires, since exact sp>eed ratios are essential. 
However, friction and surface-contact drives have some use in in¬ 
dustry where high speeds and light loads arc required, and, in a few 
cases, where loads subjected to impact are transmitted. A gear differs 
from a friction disk in that it has projections or teeth built up on its 
circumference so that it may transmit motion through the meshing 
teeth without slippage. 

If the teeth were to be built up on the circumferences of two rolling 
disks in contact with each other, recesses would have to be provided 
between the teeth so as to eliminate interference. The original 
diameter of each disk, known as the pitch diameter, would still figure 
in the gear calculations. It is only an imaginary circle and cannot 
be seen by inspecting a gea|. A portion of a gear is shown in 
Figure 1 with the pitch circle indicated. 

512 



SET UP FOR CUTTING SPUR SCAR 
Fig. I. NemtneUturt for Invohito goon. 
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KlMlf of ^Mrs 

The gedn most commonly used are those that transmit power 
between two parallel shafts. Such gears having their tooth elements 
parallel to the rotating shafts are known as spur gears. If the ele¬ 
ments of the teeth are twisted or helical, as shown in Figure 2, they 
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are known as helical gears. These gears may also be made for con¬ 
necting shafts that are at ah angle in the same or difEerent planes. 
The advantage of helical gears is that they are smooth acting, tecause 
there is always more than one tooth in contact. Some power is lost 
because of end thrust, and provision must be made to compensate 
for this thrust in the bearings. The herringbone gear is equivalent 
to two helical gears, one having a rig^t-hand and the other a left-hand 
helix. 

Usually when two shafts are in the same plane, but at an angle with 
one another, a bevel gear is used. Such a gear is similar in appear¬ 
ance to the frustum of a cone having all the elements of the teeth 
intersecting at a point, as shown in Figure 7. Bevel gears are made 
with either straight or spiral teeth. When the shafts are at right 
angles and the two bevel gears are the same size, they are known as 
miter gears (see Figure 3). Hypoid gears, an interesting modification 
of bevel gears (see Figure 4), have their shafts at right angles, but they 
do not intersect as do the shafts for bevel gears. Correct teeth for 
these gears are difficult to construct, although a generating process 
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has been developed that produces tMth with satisfactozy action. 
Zerol gears have curved teeth but have a zero helical angle. They 
may be produced on machines that cut spiral bevels and hypoids. 
Worm gearing is used where a large speed reduction is desired. The 



Fig. 3. MItor bevel geen. (Ceurtety Foote Brethen Geer end Meehine CorporetSen.) 

small driving gear is called a worm and the driven gear a wheel. The 
worm in appearance resembles a large sci'ew and is set in close to the 
wheel circumference, the teeth of the whttl bein^ curved to conform 



Rg. 4. Zerol, tpirel, end hypold bevel geen, (Courteay Gleeien Worb.} 


to the diameter of the worm. The shafts for such gears are at right 
angles but not in the same plane. These gears are similar to helical 
gears in their application, but differ considerably in appearance and 
method of manufacture. Several worm-gear sets are shown in 
Figure 5. • 
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In addition to the various kinds of geazs just discussed, there arc 
several special types that deserve mention. Rack gears, which are 
straight and have no curvature, represent a gear of infinite radius, 
and are used in feeding mechanisms and for reciprocating drives. 
They may have either straight or helical teeth. If the rack is bent in 



Fi^. B. Worm-gfar Mts* (Courtaiy Foot* Brothers Goar and Maehina Corporation.) 

the form of a circle, it becomes a bevel gear having a cone apex angle 
of 180 degrees known as • a crown gear. The teeth all converge 
at the center of the disk and mesh properly with a bevel gear of 
the same pitch. A gear with internal teeth, known as an annular 
gear, can 1% cut to mesh with either a spur or a bevel gear, depending 
on whether the shafts are parallel or intersecting. 

Gear NoniGnelaturt 

The system of gearing used in the United States is known as the 
involute system, since the profile of a gear tooth is principally an 
involute curve. An involute is a curve generated on a circle, the 
normals of which are all tangent to this circle. The method of gener* 
a ting an involute is shown ik Figure 1. Assume that a string having 
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a pencil on its end is wrapped around a cylinder. The curve de¬ 
scribed by the pencil as the string is unwound is an involute, and the 
cylinder on which it is wound is known as the base circle. The por¬ 
tion o! the gear tooth, from the Jbase circle at d to the outside 
diameter at C, is an involute curve and is the portion of the tooth 
that contacts other teeth. From B to A the profile of the tooth is a 
radial line down to the small fillet at the root diameter. The loca¬ 
tion of the base circle on which the involute is described is inside 
the pi^h circle and is dependent on the angle of thrust of the gear 
teet^ The relationship existing between the diameter of the pitch 
circle and base circle is as follows: 

D cos 0, 

where — diameter of base circle, and 

0 — angle of thrust between gear teeth. 

The . two systems most commonly used have their thrust angles or 
lines of action at 14^ and 20 degrees, respectively. Other angles 
may be used, but the larger the angle is made the greater will be 
the radial force component tending to force the gears apart. If 
a common tangent is drawn to the pitch circles of two meshing gears, 
the line of action or angle of thrust is drawn at the proper angle 
(14^ degrees) to this line. The base circles, on which the involutes 
are drawn, are tangent to the line of action. 

Most gears, transmitting power, use the 20-degree full-depth, in¬ 
volute tooth form. Such gears have th^^same tooth proportion as 
the 14i'2’<legi^ full-depth involute but are stronger at their base 
because of greater thickness. The 20-degree, fine-pitch involute 
gears are similar to the regular 20-degree involute and are made in 
sizes ranging from 20 to 200 diametral pitch. These gears are used 
primarily for transmitting motion rather than power. The 20-degree 
stub tooth gear has a smaller tooth depth than the 20-degree full- 
depth gear and is consequently stronger. Involute gears fulfill all of 
the laws of gearing and have the advantage over some other curves 
in that the contact action is not affected by slight variation ol gear 
center distances. 

Referring again to Figure 1, we see the nomenclature of a gear 
tooth illustrated. The principal definitions and tooth parts for 
standard 14^- and 20-degree involute gears are: 

The addendum of a tooth is the radial distance from the pitch 
circle to the outside diameter or addendum circle. Numerically, it 
is equal to one divided by the diametral pitch. 
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The dedendum is the radial distance hrom the pitch circle to the 
root or dedendum drde. It is equal to the addendum plus the tooth 
clearance. 

Tooth thickness is the thiduiess of the tooth measured on the pitch 
circle. For cut ^ars the tooth thidcness and tooth space are equal. 
Cast gears are provided with some backkuh—the difference betiveen 
the tooth thickness and tooth space^ measured on the pitch drde. 

The face of a gear tooth is that surface lying between the pitch 
drde and the addendum circle. 

The flank of a gear tooth is that surface lying between the pitch 
drde and the dedendum cirde. 

Clearance is a small distance provided so that the top of a meshing 
tooth will not touch the bottom land of the other gear as it passes the 
lines of centers. 

Table 16 gives the proportions of standard 14^-degree and 20-de- 
gree involute gears, expressed in terms of diametral pitch and number 
of teeth. 


TABLE 16. AGMA Standard for Invduta Gaaring 


20* FuU 
Depth 


FuU 

Depth 


20* Fine 
Pitch 


Addendum 

Clearance 

Dedendum 
Outside diameter 

Pitch diameter 


1 

P 
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P 

1.250 

P 

JV4-2 

P 

N 

P 


1 

P 

0.157 


1.157 

P 

Ar + 2 


N 

P 


1 

P 

~ + 0.002 


1.2 


+ 0.002 


JV+2 

P 

N 

P 


20* Stub 
Tooth 

i 

P 

P 

1 

P 

JF+ 1.6 
P 

N 

P 
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The circular pitch p is the distance from a point on one tooth to 
the corresponding point on an adjacent tooth* and it is measured 
on the pitch circle. Expressed as an equation. 




rD 

N 


where D is diameter of pitch cirde and N is number of teeth. 
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The diametral pitch P is the ratio of the number of teeth to the 
pitch diameter. It may be expressed by the following equation: 



Multiplying these two equations, we obtain the following relation- 
ship between circular and diametral pitch: 


pXP 


N ^ D 


w 


Hence, knowing the value of either pitch, we may obtain the other 
by dividing it into w. 

All gears and gear cutters are standardized according to diametral 
pitch, as this pitch can be expressed in even figures or fractions. 
Circular pitch, being an actual distance, is expressed in inches and 
fractions of an inch. A 6-pitdi gear (6 diametral pitch) indicates 
one that has 6 teeth per inch of pitch diameter. If the pitch diameter 
is 3 inches, the number of teeth is 3 X 6 or 18. The outside diameter 
of the gear is equal to the pitch diameter plus twice the addendum 
distance, or 3 inches Z X which is 3.333 inches. 

Any involute gear of a given pitch will mesh properly with a gear 
of any other size of the same pitch. However, in cutting gears of 
various diameters, a slight difference in the'cutter is necessary to allow 
for the change in curvature of the involute as the diameter increases. 
The extreme case would be a rack tooth,. which would have a 
straight line as the theoretical tooth profile. For practical reasons, 
the number of teeth in an involute gear should be not less than 12. 


iiothods of Making •nart 

Most gears are produoKi by some machining process. Accurate 
machine Work is essential for high-speed, long-wearing, quiet-operat¬ 
ing gears. Gears operating at slow speeds and under exposed condi¬ 
tions may be sand-cast, but such gears are not efficient in their power 
transmission. Die casting of small gears carrying light loads has 
proved very satisfactory. The materials for such gears are limited to 
low-temperature-melting metals and alloys; consequently, these gears 
do not l^ve the wearing qualities of heat-treated steel gears. Stamp¬ 
ing, although reasonably accurate, can be used only in making thin 
gean from sheet metal. 

The various commercial methods employed in producing gears may 
be aummaiized as follows: • « 
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1. Catting 

(а) Sand and plaster casting , 

(б) Die casting 

2. Stamping 

3. Machining 

(a) Formed-tooth process 

(1) Form cutter in milling machine 

(2) Form cutter in broaching machine 

(3) Form cutter in shaper 

(b) Templet process 

(c) Cutter generating process 

(1) Cutter gear in shaper 

(2) Hob cutter 

(3) Rotary aitter 

(4) Reciprocating cutters simulating a rack 

4. Powder meullurgy 

5. Extruding 

fprmwd-Toofh Froctst. A formed milling cutter, as shown in 
Figure 1, is commonly used for cutting a spur gear. Such a cutter is 
used on a milling machine, and the setup is shown in the lower part 
of the figure. The cutter is formed according to the shape of the 
tooth space to be removed. Theoretically, there should be a different¬ 
shaped cutter for each size of gear of a given pitch, as there is a slight 
change in the curvature of the involute. However, one cutter can 
be used for'several gears having different numbers of teeth without 
much sacrifice in their operating action. Each pitch cutter is^made 
in eight slightly varying shapes to compensate for this change. They 
vary from no. 1, which issused to cut gears from 135 teeth to a rack, 
to no. 8, which cuts gears having 12 or 13 teeth. The eight standard 
involute cutters are listed in the following table: 

TABLE 17. Sfandard Involute Cutters 

No. 1. 135 teeth to a rack No. 5. 21 to 25 teeth 

No. 2. 55 to 134 teeth No. 6. 17 to 20 teeth 

No. 3. 35 to 54 teeth No. 7. 14 to 16 teeth 

No. 4. 26 to 34 teeth No. 8. 12 and 13 teeth 

The method of setting up a milling machine to cut gears is dis¬ 
cussed in Chapter 21. The fonned milling process may be used with 
accurate results for cutting spur, helical, and worm gears. Although 
sometimes used for bevel gears, the pi^Kiess is not accurate because of 
the gradual change in the tooth thickness. When it is used for bevel 
gears, at least two cuts are necessary for each tooth space. The usual 
practice is to tR^e one center cut of proper depth and about equal to 
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the space at the small end of the tooth. Two shaving cuts are then 
uken on each side of the tooth space to give the tooth its proper 
shape. 

The formed-tooth principle may. also be utilized in a broaching 
machine by making the broaching tool conform to the tooth space. 
Small internal gears can be completely cut in one operation by having 



Fig. 6. Looking up iniido tko euttor hood of • "Shgir>Spood“ goor shapor. Tho eutfor 
hood hoi movod to loading position altar eomplating a spur shouldor gaar. (Courtosy 
Michigan Toot Company.] 


a round broaching tool made with the saihe number of cutters as the 
gear has teeth. Broaching is limited to large production because of 
the high cost of the cutters. 

A recent development in the roughing and semifinishing of spur 
and spiral gears is the "shear speed" gear shaper. This machine 
is designed so tluit all teeth on a gear are cut simultaneously by a 
ring of form>cutting tools or blades surrounding the gear blank. 
In Figure 6 is shown a view looking up inside the cutter head of 
this machine after a spur shoulder gear has been cut. The gear is 
damped on an arbor and the cutting head lowered and locked into 
position. A ram holding the gear blank is redprocated, and at each 
up stroke the radial blades are fed into the work an equal amount. 
At the upper end of the stroke the blades are retracted slightly to 
provide clearance as the work returns to starting f>osition. As the 
blades approach the proper tooth depth, the feed is reduced by the 
controlling cam. 

This method of gear cutting is very rapid; in many cases the actual 
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cutting cycle is less than one minute. Accurate finishing of gears 
produced by this method is done on a gear>shaving machine. 

Tomplot Proem 

In the templet process for cutting gear teeth, the form of the tooth 
is controlled by a templet instead of by a formed tool. The tool itself 
is similar to a side-cutting shaper tool and is given a reciprocating 



Fif. 7. ■•vcl-gMr eufftng. 


motion in the process of cutting. The process is especially adapted to 
cutting large teeth, which would be difficult with a formed cutter, 
and also to cutting bevel-gear teeth. The principle involved in a 
bevel-gear planer is shown in Figure 7. The frame carrying the 
reciprocating tool is guided at one end by a roller acting againtt a 
templet, while the other end is pivoted at a fixed point corresponding 
to die cone apex of the gear being cut. Three sets of templets are 
necessary, one for the roughing cut and one for finishing mudi 
side of the tooth space. The gear blank is held stadonary during 




the proccM and is moved only when indexed. This method of cut* 
ting produces an accurately formed tooth having the proper taper. 
Machines of this type are used only for planing teeth of very large 
straight bevel gears. Most bevel gears are cut by various generating 
processes. 


CuH t O eor OoMrafhig Process 

The cutter-gear generating process for cutting involute gears is 
based on the hict that any two involute gears of the same pitch will 


mesh together. Hence, if one 
gear is made to act as a cutter 
and is given a reciprocating 
motion, as in a shaper, it will 
be capable of cutting into a 
gear, blank and generating 
conjugate tooth forms. A 
gear-shaper cutter of this de¬ 
scription is shown in Figure 8, 
and Figure 9 shows how it is 
mounted in a Fellows gear 
shaper. In operation, both 
the cutter and the blank 



Rg. I. OMMliapar euttw. 


rotate at the same pitch line velocity and^in addition, a reciprocating 


motion is given to the cutter. The rotary feed mechanism is so 



Rg. 9. SIwfeh shewing nwunNng ef eirtler and kiank on gear shapar. 


arranged that the cutter can be automatically fed to the desired depth 
while both cutter and work are rotating. The cutter feed ukes place 
at the end of the stroke, at which time the work is withdrawn frmn 
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the cutter by cam action. 
The generating action of the 
cutter and the blank is 
shown in Figure 10, the fine 
lines indicating the amounts 
of metal removed by each 
cut in a given tooth space. 
The usual practice is to have 
Id. kH«. .rf place on the 

down Stroke, although in 
some cases the cutting action is of necessity on the up stroke. A 
complete view of a gear shaper is shown in Figure 11. 






CUfTBUSEAR dENERATlNG PROCESS HI 

The cutter-gear method of generating gears is not limited to in¬ 
volute spur gears but has many other applications. By using a spiral 
cutter and giving it a twisting motion on the cutting stroke, spiral 
mr helical gears may be generated. . Worm threads may be cut in a 
similar fashion. Figure 12 illustrates the application of this process 
in the cutting of internal gears. In addition, this process may be 
used in cutting sprodtet wheels, splines, gear-type dutches, cams, 
ratdiet wheels, and many other straight and curved forms. 



Rg. 12. Shaping an intamal gaar. (Ceurtasy Tha Fallows Gaar Shapar Company.) 


A gear-shaper machine, known as a rotary gear shaper, has been 
designed for high production jobs. This machine, with its ten 
complete gear-generating units, is mounted to rotate on a single 
base. Each unit operates independently of the others and is timed to 
complete a gear in one revolution of the machine. In other words, 
nine gears are being cut simultaneously while at one station unload¬ 
ing and loading is taking place. The machine has a production rate 
greater than ten single-spindle machines and requires much less 
floor space. 

Another interesting application of the cutter-gear generator prin¬ 
ciple is the Sykes gear-generating machine, well known for its ability 
to cut continuous herringbone teeth. One of these machines is illus¬ 
trated in Figure 13. This machine employs two cutter gears mounted 
in a horizontal position, as shown in rigure 14. In the cutting of 
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R9> I3> SyiiM gear^^Micrafing maehin* for eeiitinuoii»>toetb htrringbeno goon. 

(Courtoiy himUBirminglMm Cetnpony.) 

■ 



Rg. 14. Viow of fho eutfor goon on Syko* goor^gonorating nMchlno. (Courfoiy 
Farrol-Btrinlnglwm Company.} 


heningbone gears the cutters are given a reciprocating motion, (me 
cutting in one direction up tg the center o£ the gear blank and the 
other cutting to the same point when the motion is reversed. The 
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cutters not only reciprocate but also are given a twisting motion 
according to the helix angle. Both the gear blank and cutters slowly 
revolve, generating the teeth in the same fadiion as the Fellows 
shaper does. Machines of this typ^ are built in various sizes up to 
those capable of cutting gears 22 feet in diameter. 

An important feature of the cutter-gear process is its ability to cut 
double and single helical gears, internal gears, spur gears, worms, 
racks, pump rotors, and a large variety of special forms. Two mem¬ 
bers of a cluster gear may be cut simultaneously, even though they 
are not the same type of gear nor of the same pitch. The machine 
generates tooth contours of true involute shape, with, teeth uni* 
formly spaced and smoothly finished. 

Bovol Goor Gmorqters 

Straight bevel gears can be produced by two different types of gen¬ 
erators—the two-tool generator, with two reciprocating tools, and the 
completing generator with two multiblade rotating cutters. The 
principle involved is based on the fact that any bevel gear will mesh 
with a crown gear of the same pitch whose center coincides with the 
pitch cone apex of the gear. In the lower right hand comer of 
Figure 7. the two cutting tools represent the sides of adjacent teeth 
of a crown gear. These tools are mounted on a cradle which rotates 
about the axis of the crown gear. At die same time the tools are 
given a reciprocating motion. The gear*blank is also rotated about 
its axis at the rate it would have were it meshing with the crovm gear. 
As the tools are simulating the respective positions taken by the crown 
gear, the correct form of tooth is cut. Both sides of a single tooth 
are cut on a single generating roll of the cradle, and at the end of 
the generating roll the blank is withdrawn and indexed while the 
cradle returns to the. starting position for the next cut. This cycle 
is repeated until all the teeth in the gear are cut. In general, the 
tooth spaces are roughed out in a separate operation, so that only a 
small amount of metal is removed by the reciprocating tools when 
finishing. 

A straight-bevel-gear*generating machine using two multiblade, 
disk-type cutters is shown in Figure 15. In this generating process 
the two cutters simulate a tooth of a mating gear. The action is as 
though the gear blank being cut were in mesh and rolling with a 
mating generating gear, of which the cutters represent a tooth. At 
the start the cutter head is fed into the blank for rough cutting 
just short of the whole depth. The cradle, on which the cutters are 
mounted, and the work then roll downato the bottom of the generat- 
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ing roll, rough shaping the tooth. The work is next fed to full 
depth, and a fast up>roll finish generates the tooth space. TIm 
blank is then indexed and the motion repeated until all teeth are 
cut The entire operation of the machine is automatic 



Pig. IS. Sh«ight*b«v«l«g«Nir generator ming two multiblede disk-type cutters. (Ceui^ 
tesy Gleason Works.) 


An advantage of this process is that a previous roughing out is un¬ 
necessary, thus saving one handling of the blank. Cutter life is 
longer, gear quality is improved, and less time is required for setup. 
Both processes will produce a localized tooth bearing in straight bevel 
gears. A slight crowning on the tooth surface localizes the tooth 
bearing in the center three quarters and eliminates load concentra¬ 
tions on the ends of the teeth. 

The method of cutting spiral-bevel gears also -uses the generating 
principle, but the cutter in this case is circular and rotates as a face 
milling cutter. The cutter is similar to the one in Figure 16, whidi 
is shown cutting a hypoid pinibn. The spiral teeth on gears cut by 
this process are curved on the arc of a circle, the radius being equal 
to the radius of the cutter. The blades of the cutter have straight 
cutting profiles to correspond with the tooth profile of a crown gear. 
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The revolving cutters move through the same space as would be occu* 
pied by a crown gear tooth. As in the previous method, the teeth are 
first roughed out before the true shape is generated. The rotating 
cutters may be designed to cut on|y one or both sides of the tooth 
space, the latter-type cutter having the advantage of more rapid 
production. Spiral-bevel gears have an advantage over straight-bevel 
gears in that the teeth engage with one another gradually, eliminat¬ 
ing any shock or noise in their operation. 



Rs. 16. CloM-itp of m kypeid goar-ganarating maehlna cutting a pinion. (Courfaty 
Glaaion Works.) „ 

A special type of gear, known as a hypoid gear, can be cut in the 
machine just described. * The hypoid gear, widely used in drives for 
automobiles, streetcars, motorcydes, and similar vehicles, has the 
axis of the pinion ofibet and does not intersect the axis of the gear. 
Such a gear is shown in Figure 4. As the cutter rotates (see Fig¬ 
ure 16), it is fed into the gear blank and then withdrawn. Thete 
is an accompanying rolling generating movement of the cutter cradle 
and gear blank to produce the correct tooth profile. The rolling 
motion corresponds to the meshing action between the gear and a 
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crown gear of which the cutter represents a tooth. This operation 
is repeated until all teeth are cut. Heat-treated spiral-bevel, zerol, 
and hypoid gears may be ground by using a cup wheel and employing 
the fnrindples just described. 

••Mrafing Goars wWi a Hob Cottar 

Any involute gear of a given pitch will mesh with a rack of the 
same pitdi. One form of cutting gears utilizes a rack as a cutter. If 
it is given a reciprocating motion, similar to cutting on a Fdlows 
shaper, involute teeth will be generated on the gear as it rotates in- 



Rg. 17. Raek4yp« euflar gwwratiiig tovtii of spur gear. 

termittently in mesh with the rack cutter. This method is shown 
diagrammatically in Figure 17. Such machines require a long rack 
cutter in order to cut all the teeth on the circumference of a large 
gear, and for this reason the^are little xuid. 



Fig. II. Cutting gMr with hdx 

The bobbing system of generating gears is somewhat similar to the 
principJe just described. A rack is developed into a cylinder, the 
teeth forming threads and having a lead as in a large screw. Flutes 
are cut across the threads, fonhing rack-shaped cutting teeth. These 
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cutting teeth are given relief* and if the job is viewed from one end, 
it loolu the same as the ordinary form gear cutter. This cutting tool, 
known as a hob, may be briefly described as a fluted steel worm. In 
Figure 18 is shown a hob in section and end view, as it appears when 
cutting a gear blank. 



R 9 . If. Cutting • spur gnnr in fingin^pindln hebbing mnehinn. iCeurtnty BnrbnN 
Colnmnn Company.) 

# 

Mobbing, then, may be defined as a generating process consisting of 
rotating and advancing a fluted steel worm cutter past a revolving 
blank. This action is clearly illustrated in Figure 19, where the teeth 
on a spur gear are being cut to full depth by a rotating hob. In this 
process all motions are rotary, there being no reciprocating or index¬ 
ing movements. In the actual process of cutting, the gear and hob 
rotate together as in mesh. The speed ratio of the two depends upon 
the number of teeth on the gear and on whether the hob is single- 
threaded or multithreaded. 

At the start of operations, the gear blank is moved in toward the 
rotating hob until the proper depth is reached, the pitch-line velocity 
of the gear being the same as the lead velocity of the hob. The action 
is the same as if the gear were meshing with a rack. As soon as the 
depth is reached, the hob cutter is fed across the face of the gear until 
the teeth are complete, both gear and cutter rotating during the 
entire process. * 
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Rg. 20. Mobbing maehlno iobip for cutting thro* holieal goart. (Courfoty Gould 
•nd Eboriiardt.) 


Inasmuch as the hob teeth have a certain amount of lead, the axis 
of the hob cannot be at right angles to the axis of the gear when 
cutting spur gears but must be moved an amount equal to the lead 
angle. For helical gears, the hob must be moved around an addi* 
tional angle equal to the helix angle of the gears. Worm gears may 
be cut with the axis of the hob at right angles to the gear and the hob 
fed tangentially as the gear rotates. 

In Fqiure 20 is shown a bobbing machine set up for cutting thred 
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helical gears. This is a universal machine and can be used for the 
production of spur gears» single- or double-helical gears, worm gears, 
worms, sprockets, <nr splines. 

It is intermting to note that gear hobs based on the rack principle 
will cut gears of any diameter. This eliminates the need for a variety 
of hobs for gears having the same pitch but varying in diameter. 
Special hobs, such as those used for cutting splines, will cut only the 
one part. 

nnlshiag OporafioM Usad on Gonri 

The object of any finishing operation on a gear is to eliminate 
slight inaccuracies in the tooth profile, spacing, and concentricity so 
that the gears will have conjugate tooth forms and give quiet opera¬ 
tion at high speeds. These inaccuracies are very small dimensionally, 
frequently not exceeding 0.0005 inch, but even this amount is suffi¬ 
cient to increase wear and set up undesirable noises at high speeds. 
In spite of the accuracy of various gear-forming and gear-generating 
processes, slight errors enter into gears as a result of wear in machine 
bearings, lead screws, or gear trains; faulty mounting of cutter on 
work; use of improper material; heat treatment; and the like. 

To remedy these errcus in gears that are not heat-treated, such 
operations as shaving or burnishing are ,used. Burnishing is a cold¬ 
working operation accomplished by rolling the gear in contact and 
under pressure with three hardened burnishing gears. Althou^ the 
gears may be made accurate in tooth foq;n. the disadvantage of this 
process is that the surface of the tooth is covered with amorphous or 
**smear’" metal rather than metal having true crystalline structure, 
whidi is desirable from a long-life standpoint. More accurate results 
may be obtained by a shaving process which removes only a few 
thousandths of an inch of metal. This process is strictly a cutting 
and not a cold-working process. 

Rolling the gear in contact with a rack cutter and using a rotary 
tnitter are two methods of shaving. Either will produce accurately 
formed teeth. Both external and internal spur and helical gears 
can be finished by this process. 

In Figure S^l is shown a rack-type gear finisher, the insert above 
showing a close-up view of the rack shaving cutter, finishing a spur 
gear. The generating rack consists of straight, replaceable blades, 
each tooth having a number of small vertical grooves separated by 
lands which form the parallel cutting edges. It is mounted on the 
table of the machine, which reciprocat^ similarly to a planer table. 
The gear to be finidied b mounted above the rack on live centers 
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IUcli«iyp« 9 Mr finlilitr. (B«th photos Ceurtoiy MIcMgan Teel Compeny.) 

H9. 21. 


and is driven by contact with the cutting rack. The gear shaving 
cnr finishing is accomplishedthe gear rolling on the radc cisttar 
and at the same time being reciprocated back and forth across the 
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6ioe of the cutter. At each stroke the gear is fed down into the rack 
cutter until the correct tooth depth is obtained. Spur gears are 
shaved with racks having blades at a sl^ht angle, whereas gears 
having helix angles up to 30 degrees are shared with straight-bladed 
racks. Only one rack is required for gears of the same pitch. 

A close-up view of the rotory crossed-axis gear finisher in operation 
is shown in Figure 22. The rotary cutter is a gearlike tool having a 
plurality of cutting edges on the teeth, which in turn are conjugate to 



Rg. 22. Rotary sliaving oittor finidiing trammiuten goars. (Courtasy MieUgan 
Tool CempNiiiy.l 


the teeth to be produced on the gear in the machine. On the sur¬ 
faces of the rotary cutters are small cutting edges similar to those 
used on rack-type cutters. Improved cutting action is obtained by 
having the axis of the gears and cutter at some angle ranging from 
3 to 15 degrees. The cutter is the driver, and at the same time there 
is an axial movement of the cutter so as to finish the full width of 
the gear. Both types of'gear-finishing machines may be arranged for 
curve shaving, a process that produces teeth slightly thicker at the 
center to eliminate load concentrations on the ends of the teeth. 
This operation is conunonly known as crowning. 

The time required for gear shaving is very short, and many thou¬ 
sand gears may be cut before the cutter must be resharpened. Rack 
cutten are more expensive than rotary cutters, but the tool cost per 
^ear is much lower by reason of the^ncreased life of the cutter. 
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Rotary finishing machinei^ being less expensive, are economical for 
finishing varieties of gears in relativdy smaller quantities. Also, if 
the gears are extremely large, or if there is close interference (as in 
duster gears), rotary shaving is economical. The process of gear 
shaving is widely used in accurately finishing gears for transmissions, 
reduction units, machine tools, pumps, and numerous other high¬ 
speed applications. 

Heat-treated gears can be finished either by grinding or by lapping. 
Grinding may be done either by the forming or the generating proc¬ 
ess. In the forming process the grinding wheel conforms to the tooth 
space to be ground. Three diamonds are mounted on the machine 

and controlled by templates 
through a pantograph mecha¬ 
nism to give the correa contour 
to the wheel. The generating 
process, as shown in Figure 23. 
uses a flat-faced grinding wheel 
which corresponds tO the face of 
an imaginary rack meshing with 
the gear. One side of a tooth is 
ground at a time, the gear rolling 
on its pitch drde past the re¬ 
volving wheel as if meshing with 
a rack. Another machine, oper¬ 
ating on the same prindple, will grind both surfaces of a tooth 
simultaneously. The disadvantage of gear grinding is that consider¬ 
able time is consumed in the process. Also the surfaces of the teeth 
have small scratches or ridges which increase both wear and noise. 
To eliminate the latter defect, ground gears are frequently lapped a 
short time. 

Gear lapping is accomplished by having the gear in contaa with 
one or more cast-iron lap gears^ of true shape. A two-lap gear finish¬ 
ing machine, operating on the cross-axis prindple similar to the 
rotary gear shaver, is shown in Figure 24. The work is mounted 
between centen and is slowly driven by the rear lap. It in turn drives 
the front lap, and at the same time both laps are rapidly redpro- 
cated across the gear face. Each lap has individual adjustment and 
pressure control. A fine abrasive is used with kerosene or a light oil 
to assist in the cutting action. 

The machines may be adjusted to provide an automatic lapping 
cyde of 4 seconds to 20 minutes, operating first in one direction and 
then reversing for the samoc length of time in the opposite direction 
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By adjusting the axis of the laps it it possible to crown the tooth 
slightly so that the major bearing is at the center. 

The entire operation of lapping is essentially a corrective and 
finishing one. and very little material is removed in the process. The 
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time consumed for average>sized gears is to 2 minutes per side of 
gear teeth. The results of lapping a|e demonstrated by longer- 
wearing and quieter-operating gears. 

Gaor-Tatflag Equlpmanf « 

Although modern gear-cutting and gear-generating machines are 
capable of producing correctly formed gears, it is advisable to subject 
gears required for high-speed and accurate machinery to some tests 
before their assembly. These tests vary but include factors such as 
concentricity, size, noise, tooth bearing, and spacing. All tesu should 
be made with accurate and rigid equipment and in the shortest 
possible time. The best method of testing and inspection is that 
which most nearly simulates the actual working conditions of the 
gears. 

Numerous inspecting and testing devices have been developed for 
checking such factors as the pitch diameter, tooth form, eccentricity, 
tooth spacing, and helix angle. Minor defects, such as those caused 
by distortions during heat treatment, can be detected readily by these 
measuring devices. Similar equipment is available for checking gear 
hobs and cutters of other types. Although individual tests are neces¬ 
sary to locate some specific error, the ^al test of whether a gear is 
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satisfoctory or not U to run it under conditions as near the actual 
service operation as possible. 


RIVIEW QUESTIONS 


1, What it the difference between a 14v(*degree and a SO^degree involute geaif 

2. What it the bate circle on a gear and how it itt diameter determined? 

I. Dittinguith between zerol, hypoid, and miter gears. , 

4 . Dehne diametral and circular pitdi. and tute the rdathmahip that exJitt 
between the two. 

1. What is the profile of an involute gear tooth? 

4 , A spur gear is cut with a 6*pitch cutter (diametral pitch). Determine 
the outside diameter if the gear has 42 teeth. 

7, A 141^-degree standard Involute gear has a pitch diameter of 4 Inches and 
is to be cut with a 16-pitch cutter. How many teeth will the gear have and what 
is its addendum height? 

t. List the various processes used in making gears. 

f. The circular pitch of a gear is 0.314 inches, and the pitch diameter is 5 
indies. What standard gear cutter should be used? 

10. What are the two methods used for generating bevel gears? 

11. Describe the operation of a Fellows gear shaper. 

12 . How are gears cut on a shear-speed shaper? 

12. What is a hob, and how can it be used for cutting gears? 

14 . What is the object of gear-finishing, and what methods are used? 

II. How is gear shaving accoiqplished? 

14. How are gears lapped? 

17 . What are important items to check in gear inspection? 

10 . How may heat-treated gears be ground? 
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An important operation in any shop is the sawing of materials 
and bar stock for subsequent machining operations. Although most 
machine tools can do cutting-oS operations to a limited extent, 
special machines are necessary for mass-production work and for 
miscellaneous work which requires a wide variety of shapes and 
sizes. Metal sawing is similar to wood sawing, except that the saw 
has teeth specially designed for metal work, with the proper spacing 
and angles for efficient cutting. 

Hand sawing, used on many simple jobs and in situations where 
the work cannot be brought to a power saw, is done with a thin 
flexible blade, usually 8 to 12 inches in length, held in a hacksaw 
frame which is provided with a suitable hand grip. The tooth pitch 
will vary from 14 to 32 teeth per inch. Although coarse-tooth saws 
allow more chip space, the spacing will vary according to the thick¬ 
ness and kind of material being cut. An average pitch for handsaws 
is around 18 teeth per inch, but for thin materials and tubing a finer 
pitch is advisable. 

Metal saws for power macj^nei are made in circular, straight, or 

sso 
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eontmtunu ahapeat* depending on the type of machine with whidi they 
are to be used. The various types of powm sawing machines are 
listed in the following classification: 

MeNil^wing Machines 

1. Redpiocadng saw (b) Steel friction disk 

(a) Horiiontal hacksaw machine (0 Abrasive disk 

(b) Vertkal sawing and filing machine ^ Band saw 

2. CUrcularsaw («) Saw blade 

(a) Metal saw (b) Friction blade 

toclfMrocotfaif Sawing Machlnni 

Tim reciprocating hacksaw, which may vary in design from light* 
duty, crank-driven saws to large heavy-duty machines hydraulically 
driven, has long been a favorite because of its simplicity in design 
and low operating cost. It consists of a saw frame, a means for 
reciprocating the saw and frame, a work table and vise, a supporting 
base, and a source of power. Machines of this type vary in the man¬ 
ner in which the saw is fed into the work and the type of drive used. 

The simplest type of feed is the gravity feed, in which the saw blade 
is forced into the work by the weight of the saw and fr’aine. Uniform 
pressure is exerted in the work during tHe stroke, but some provision 
is usually made to control the depth of feed for a given stroke. Some 
machines of this type have weights clamped on the frame to give 
additional control to the cutting pressuri?. This may also be accom¬ 
plished by means of springs with suitable adjustment. Positive-acting 
screw feeds, with some provision for overloads, provide a means of 
obtaining a definite depth of cut for each cutting stroke. Hydraulic 
feeds are now widely used, since they afford excellmt control of the 
cutting pressures. Several machines with this type of feed are dis¬ 
cussed in subsequent paragraphs of this chapter. 

In genoal, methods of feeding can be classified as either positive or 
definite pressure feeds. A positive feed has an exact depth of cut for 
each stroke, and the pressure on the blade will vary dir^y with the 
number of teeth in contact with the work. Ther^ore, in cutting a 
round bar the pressure is light at the start and maximum at the cen¬ 
ter. A disadvantage of this method is that the saw is prevented feom 
cutting fast at the start and the finish where the contact stroke is short. 
With definite pressure feeds, the foessure is uniform at all tinm^ re¬ 
gardless of the number of teeth in contact. This conditicm prevails 
in gravity or fricticm feeds. Here thi^^th of cut varies inversely 
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with the number of teeth in contact, so that the maximum pressure 
that can be used depends on the maximum load that a single tooth 
can stand. Many machines of recent design have incorporated both 
these systems into their design with automatic control. In all cases 
the pressure is released on the return stroke to eliminate wear on the 
saw Made. 



Rg. I. Hydraulic Iwavy-diify matai-cutting machlna. (Courfaty Raelna Tool h 
Machina Company.) 


The simplest drive for the saw frame is that with a crank rotating 
at a uniform speed. With this arrangement the cutting action is tak* 
ing place only 50% of the time, since the time of the return stroke 
equals that of the cutting stroke. An improvement of this design 
provides a link mechanism which gives a quick-return action. Several 
such link mechanisms are used, including the Whitworth mechanism 
found on some shapers. These designs reduce the idle time to about 
one third of the total and result in faster cutting than the crank saws 
without increasing the cutting speed. 

Figure 1 shows a hydraulic, shear-cut production saw. The term 
**sbear cut” describes a cutting action, whereby the cutting edge of 
a metal saw is fed progresifVely and unifon^y to give the most 
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effective cutting. The feed is hydraulically operated and is equipped 
with valve control to give either a positive progressive Ceed or a 
flexible constant pressure feed. The positive feed is recommended 
fmr jnroduction runs in the sawing of tough steels, such as stainless 
steel, die blocks, and numerous othiar alloys. The flexible oonsunt- 
pressure feed is used for automatically increasing or decreasing the 



Rg. 2. Autoinafle bar^Md kaekiaw maebiiM. {Courtasy Anntiroiig>iluin Mami* 
faetaring Company.) 


feed in accordance with the area, shape, or density of the material 
being cut. In both cases the hydraulic*feed pressure is applied pro* 
gressively during the cut. and each tooth produces a long curling 
chip. This machine can be provided with an automatic stock feed 
with which a single bar, or a bundle, can be cut to the desired lengths, 
leaving the operator free to do other work. The entire cycle is 
hydraulically controlled and positive in its action. 

Another reciprocating saw, equipped with automatic bar feed and 
disdiarge tracks, is shown in Figure 2. Bars to be cut are loaded on a 
rolling dolly and vise, and are either manually or automatically 
moved forWaid by a chain arrangement The usual cycle for autdmat- 
ic feed after the gage has been set is as f^lows: the barf move forward 
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through an open vise the desired distance, the vise is damped, pieces 
are cut off by the saw, the saw is raised to the original position, the vise 
is opened, and so on, until the length of bar has been cut up. 

ffaefcsow fcfodot. Power hacksaw blades are similar to those 
used for hand sawing. High-speed steel blades vary from 12 to S6 
inches in length and are made in thicknesses from 0.050 to 0.125 

15* 
ju 


a Stroight Tooth b Undercut Tooth c Skip Tooth 
Rg. 3. Tooth construction for motol saw blades. 

inch. The pitch is coarser than for hand sawing, ranging from 2% 
to 14 teeth per inch, since the material being cut is usually much 
larger. The tooth construction of most hacksaw blades is indicated 
in Figure 3, (a) and (5). The most common type in the straight 

tooth design having zero rake. 
The undercut tooth, which resem¬ 
bles a milling cutter tooth, is used 
for the larger blades. For effident 
cutting of ordinary steel and cast 
iron, as coarse a pitch as possible 
should be used to provide ample 
chip space between teeth. How¬ 
ever, two or more teeth should 
always be in contact with the stock 
being cut. 

High-carbon and alloy steels require a medium-pitch blade, whereas 
thin metal, tubing, and brass require a fine pitch. To provide ample 
clearance for the blade while cutting, the teeth are set to cut a slot or 
kerf slightly wider than the thickness of the blade. This is done by 
bending certain teeth slightly to the right or left as may be seen in 
Figure 4. Set refers to the type of tooth construction on a saw. A 
straight-tooth saw has one tooth set to the right and the next tooth 
to the left. This type of saw is used for brass, copper, and plastics. 
On the raker-tooth saw one straight tooth alternates with two teeth 
set in oppenite directions. This tooth construction is used for most 
steel and iron cutting. A xmve set consists of an alternate arnu^fe- 


Raker Set 
Wavy Set 


Set 


Straight Set 


Rg. 4. Typat of Ml for motol mw 
blodoi. 
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inent of aevenl teeth aet to the rig^t and several teeth set to the left 
This design is used in cutting tubes and light sheeu of metal. 

A lubricant is reccnninended for all power>hacksaw cutting to 
lubricate the tool and to wash away the nnall chips accumulating 
between the teeth. Since there is little heat generated in mort 
sawing operacicms the problem is one of lubricating rather than 
cooling and the cutting fluid should be chosen accordingly. Hack* 
saw machines cut between 40 and 160 strcAes per minute ac* 
cording to the machinability of the metal being cut Surface speed 
in feet per minute is seldom specified as it is not uniform throughout 
the stroke length. 

Ctrcnlar Sawing MachinM 

Machines, using circular saws are commonly known as cold sawing 
machines. The saws are fiiirly large in diameter and operate at low 
rotational speeds. The cuttuig action is the same as that obtained 
with a milling cutter. The machine consists of a rotating saw, means 
for feeding the saw into the work, a vise for clamping the part to be 
cut. and a supporting frame. 

In Figure 5 is shown a hydraulic-feed cold sawing machine capable 
of sawing round stock up to 10 inches in diameter. Nine changes of 
speed in geometric progression are provided for the saw blade. This 
affords a wide selection of cutting spleds, ranging from 18 fpm 
for hard materials to 134 fpm for softer matoials. The feed for the 
saw carriage is hydraulically operated and provides a “stepless'* 
variable feed as well as a quick return. * The feed pressure may be 
set at a point that will protect the saw. regardless of the rate for 
which die feed is set. Hence, if the saw encounters a change 
in section or hardness of nuiterial which overloads the blade, the 
rate of feed is automatically deoeased undl the overload is 
elimtnated. 

Cfroifor mofal tows. Saws for rotating cutter machines are 
similar to the metal-slitdng saws used with milling machines. How¬ 
ever, metal-slitting saws are made only in diameters up to 8 inches, 
which is not sufficient for large-size work. Some solid blades, with 
diameters not exceeding 16 inches, are used in circular sawing ma¬ 
chines. Their use is limited because of cost and the fact that broken 
or wmrn teeth cannot be replaced. Most large cutters have either 
replaceable inserted teeth or segmenul-type blades. In the latter type 
the segments, each having about four teeth, are grooved to fit over a 
tongue on the disk and are riveted in place. Both inserted teeth and 
segmental-type blades are economical ^pm the standpoint of cutter- 



Rf. 8. Cold Mwing m«ehin«. (Courtny Th* Moteh 8 MerrywcatiMir Cempciiy.) 
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In Figure 6 is shown the type of teeth found on most circular 
metal saws. The teeth are alternately ground so that one half of 
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Fig. 8. Teetk comtnietion for elrouUr Mwc. 

them are 0.010 to 0.020 inch higher than the rest. The high teeth 
are for rough cutting and have a 45-degree chamfdr on each side; 
the others are ground square across and are the finishing teeth for 
cleaning up both comen. A clearance angle of around 7 degrees is 
mied for most steels and cas^lron; and, if nonferrous meuls are to 
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be cut» this angle should be increased to 11 degrees. Rake an^ 
vary from 10 to 20 degrees, the smaller angles being for the harder 
materials. 

Catting speeds of circular blades range from 25 to 80 fpm for 
ferrous meuls. For nonferrous metals the speeds are much higher, 
the range being from 200 to 4000 fpm. Best saw life is obtained if 
the peripheral speed is not too high. The use of a lubricating fluid 
is recommended for all circular sawing work. 

Sfeof Mefha dhka. Steel disks operating at hi^ peripheral 
speeds provide a rapid means of cutting through structural-steel 
members and other steel sections. When the disk is rotating at rim 
speeds from 18,000 to 25,000 fpm, the heat of firiction quickly melts a 
path through the part being cut About one-half minute is required 
to cut through a 24-inch 1 beam. Disks, ranging in diameter from 
24 ta 60 inches, are used in this work. They are usually furnished 
with small indentations on the circumference, about %2 inch deep. 
The disks are ground slightly hollow to provide side clearance in 
cutting through a large member. Water cooling is recommended. 

Friction cutting is not limited by the hardness of the material. 
Stainless steel and high carbon steel can be cut more easily than 
low carbon steel. Cutting ability seems to depend more upon the 
structure of the metal and its melting characteristics than upon metal 
hardness. In cutting, the tensile siren'll of the steel is rapidly 
lowered as the temperature increases. The heated steel is finally 
weakened to the extent that the friction disk pulls it away from the 
colder metal. The temperature at whicli this occurs is below the 
melting point of steel. Nonferrous metals cannot be cut satisfactorily 
by friction sawing since the metal tends to adhere to the disk and does 
not break away readily as a result of the disk action. 

Abra$l¥9 dItkB. An abrasive wheel machine adapted for either 
wet or dry cutting is shown in Figure 7. This machine will cut 
solids up to 2 inches in diameter or tubing up to inches. For 
dry cutting, resinoid-bonded wheels should be used, operating at 
speeds around 16,000 sfpm. High wheel speed cuts more efficiently 
than low because the metal is rapidly heated to the extent that it 
becomes soft and can be easily removed. For wet grinding, rubber- 
btmded wheels operating around 8000 sfpm are used. The surface 
speed is limited to this figure in order to retain sufficient coolant 
on the wheel to prevent overheating. Cutting action in this case 
depends entirely upon the abrasive grains in the wheel and is not 
influenced by any softening of the meul. 

Although most work done on abrasM^^isk machines is less than 
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2 inches in diametec, sizes up to 6 inches can be cut on automatic 
machines, with the wheel reciprocating across the work. Abrasive 
cutting can be used for almost all metals as well as many other 
materials. The finish and accuracy is much better than that obtained 
from using steel friction blades. 



R 9 . 7. Abnsiy»^{ifc euMF mtehiit*. (CourtMy A. P. D» Sanno ft Son.) 


Band-Sawing Maehinas 

Band aawlng. The sawing machines described thus far are de¬ 
signed for taking straight cuts and are used primarily for cutting-off 
purposes. Cutting saws of the band type can also to used for this 
work but, in addition, can cut irregular curves in metal. This widens 
the field of usefulness for the band saw. since it enables the machine 
to do a great variety of work that formerly had to be done with other 
machine tools. Contour sawing of dies, jigs, cams, templets, and 
numerous other parts that formerly had to be made entirely on 
other machine tools, or by hand at much greater expense, is now 
done with band saws. In recent years suitable and accurate arrange- 
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ments for cohdnuoas filing and polnhing, both necessary operatitms 
in contour finishing, have been accomplished by the use of band 
saws. 

Band-sawing machines for metals are similar in appearance: to 
those used for wood but differ in the saw-cutting speed and type of 
saw. Most machines are designed with the saw running in a vertical 
position, the work being supported on a horizontal table having a 
tilting adjustment for cutting angles. Another type is quite similar 
in design to the ordinary hacksaw machine. The work is held in a 
vise while a small band saw operates above the work in nearly a 
horizontal position. Both types are widely used for cutting off stock 
in the same way that such work is done on circular and reciprcxrating 
sawing machines. 

ia«d-sow bfotfM. An important step in predsicm sawing is the 
selection of the proper saw for each job. The width is determined 
by the feed that is to be used and by the curvature to be cut. It is a 
good rule always to use the widest blade possible. The tooth con¬ 
struction of band-saw blades is about the same as that used for 
hacksaw blades. The two common types are illustrated in Figures 3, 
(a) and (c ). The skip-tooth blade shown at (c) is adaptable for non- 
f^ous and nonmetallic materials. It is also used for sawing thick 
sections of ferrous metals where coarse-pitch saws should be used. 
The number of teeth per inch is a function of the material being 
worked on. This factor does not vary (directly with the hardness of 
the material but is determined from actual cutting experience; 
manufacturers’ recommendations should *be followed in this respect. 
Moduli band-sawing machines have 50 to 1500 fpm speeds available 
to accommodate a wide range of materials. 

iaiid-frfctfoii eafffnf. High-speed band-sawing machines, de¬ 
signed for friction cutting, have a surface speed range of 5000 to 
15,000 sfpm. Saws for these machines must be selected with care 
since the teeth should be properly spaced according to the material’s 
thickness. The pitch varies from 10, for thick materials, to 18, for 
thin materials. This type of cutting is limited to relatively thin 
ferrous metals and sonfe thermoplastic materials. Figure 8 shows 
the operation of band-saw friction cutting and illustrates the fact 
that material hardness is not a limiting factor in this process. 

iaad fifing. When the machine is to be used for filing work, the 
saw band is remove and a file band is put in its plaixi. The file band 
is made up of 26 files mounted on a flexible Swedish steel band. A 
snap joint, shown in Figure 9. is provided for quick fastening and 
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unfastening for internal filing, A light-to-medium pressure is used 
on contour filing, and the filing speeds range from 50 to 200 fpm. 
An advantage of this type of filing is that it is accomplished with a 
continuous downward stroke. The absence of a backstroke greatly 
lengthens the life of the file and helps in holding the work onto 
the table. 

Files used on this machine have the same shapes and styles found 
on standard commercial files. Single cut, double cut, and rasp cut 
are the terms used in describing the cut of the file. Rasp cut fliffers 
from the other two in that the teeth are disconnected from each 
other, each tooth being made by a single punch. The coarseness of 
the teeth is described by the terms rough, coarse, bastard, double cut, 
and smooth. File cross sections are indicated by such terms as flat, 
oval, half round, and mill. 

i/BKd polishing. A third function of band machines is polishing. 
This work calls for an endless band of emery cloth which is mounted 
in the same way as the band saws. At the point of work the cloth 
band is backed up by a rigid plate. The band is made of the same 
kind of emery cloth and in the same grits that are conventionally 
used in hand-polishing work. 


REVIEW QUESTIONS 


1. Prepare a list of the various kinds of power saw machines. 

2. What factors should be considered in rtie selection of the pitch for .a 
hacksaw blade? 

3. What methods of feeding the saw into the metal are used on reciprocating 
saws? 

' 4. Describe the operation of a bar-feed carrier on a power hacksaw. 

S. What are the adviantagev and disadvantages of positive feed on a hacksaw? 

4 . Explain the meaning oi the term kerf. 

7. What three types of saws are used on a cold sawing machine? 

1. What kinds of disks are used in abrasive cut-off machines? At what surface 
speeds are they operated? 

9. Discuss the various types of work that can be done on a metal band saw. 

10. In band-saw work what determines the width of the saw, the number of 
teeth per inch, and the set? 

11. How IK files used on a band-sawing machine? 

12. Why is a cutting fluid recommended for most sawing work? 

13. For what type of cutting is a skip-tooth blade used? 

14. Describe the action of friction cutting. 

11. What it the difference between straight set, raker set and wave set as 
applied to saw blades? 
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BROACHING MACHINES 

AND TOOLS 


Broaching is the operation of removing metal by means of an 
elongated tool having a number of successive teeth of increasing size 
which cut in a fixed path. A part is completed in one stroke of the 
machine, the last teeth on the cutting tool conforming to the desired 
shape of the finislvd surface. In most machines the broach is moved 
past the work, but equally effective results are obtained if the tool 
is stationary and the work is moved. Although the process of broach* 
ing has been known for many years, it has not been used extensively 
in produaion work undl recently. The first developments of broach¬ 
ing were confined principally to internal operadons, such as the 
broaching of holes and keyways. Many cuts, both external and in¬ 
ternal, can be made on recently designed machines at a hi^ rate of 
production and with sadsfactory accuracy and finish. 

TyiMt •! Brooehinv UtocbinM 

A broadiing machine consists of a work-holding fixture, a broach- 
iitg tool, a drive mechanimk, and a suitable supporting frame. A1 
though the txunponent parts are few, :cveral variations in design are 

HI 
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possible. A brief classification of broadung according to method of 
operation is as follows; 

I* fvff hrooeiifAf. The broaching tool moves and the work is 
stationary. 

2. Pa$k bropcktng. The broaching tool moves and the wiwk is 
stationary. 

3. Snrfoco hrooehfiig. Either the work or the broaching tool 
moves across the other. 

4. ConflnHovs broaching. The work is moved continuously 
against stationary broaches. The path of movement may be either 
straight or circular. 

According to actual construction, most broaching machines are of 
horizontal- or vertical-type design. The decision of which design to 
use is dependent on such factors as size of part, size of broach, 
quantity, and type of broaching to be done. In general, vertical 
machines are well adapted for surface broaching with the tool sup¬ 
ported on a suitable slide, although both pull- and push-type internal 
broaching machines are made in this design. Horizontal machines 
pull the broach and are often used on internal broaching of small 
and medium-sized work. They too have many surface broaching 
applications. ^ 

Another variation in broaching machines is the method of drive. 
Because a large force is required, most modern machines are hy¬ 
draulically driven. Such a drive is smooth-acting, economical, and 
readily adjustable for both speed and length of stroke. Other drjve 
systems are opei'ated by means of gears, power screws, chains, or link 
mechanisms. The chain type of drive is especially adapted to the 
continuous broaching machine. On all intermittent-type machines, 
a quick-retiirn feature is incorporated in the drive. The return 
stroke is two to five times the speed of the cutting stroke. 

Advoiita9«t ond LimifofloNs «f Brpaehhg 

Broaching is a metal cutting operation which has been adopted for 
mass-production work because of the following outstanding features 
and advantages: 

1. Both roughing and finishing cuts are completed with one pass 
of the tool. 

2. Rate of production is high as the actual cutting time is a matter 
of seconds. Rapid loading and unloading of fixtures keep the total 
production time to a minimpm. 
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3. The process can be used fcnr either internal or external surface 
finishing. 

4. Any form that can be reproduced on a broaching tool can be 
machined. 

5. Tolerances can be maintained which are suitable to inter* 
changeable manufacture. 

6. Finishes comparable to those achieved in milling work can be 
obtained, and in some cases burnishing shells are incorporated on 
the broach to improve the surface finish. 

In spite of all the advantages listed broaching is not without the 
following limitations: 

1. High tool cost. This is particularly true for large or irregular¬ 
shaped broaches. 

2. jShort-run jobs are not advisable because of high tooling cost. 

3. Parts to be broached must be capable of being rigidly supported 
and must be able to withstand the broaching forces set up. 

4. The surface to be broached cannot have an obstruction. 

5. Broaching is not recommended for the removal of a large 
amount of stock. 
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Vorfleol efngfo-sfldo surfoc* mocfiiilo. The surface broaching 
operation being performed on the vertkat machine shown in Figure 1 
is both simple and quick. Most machines of this type are provided 
with a receding table so that the fixture may be unloaded and loaded 
while the broach is returning to its original 
position. In most cases the cycle is automatic 
and continuous except for the loading opera¬ 
tion; but, if conditions warrant it, even this 
can be made automatic. As a machining 
operation, broaching can be adapted readily 
to an automated line. 

Vertical doMbla^illtla surface machha. 

A broaching machine of this type (Figure 2) 
is shown finishing the sides and ends of 
connecting-rod bolt bosses at the rate of 600 
per hour. This machine differs from the 
single-slide machine in that it has two slides 
which operate opposite one another. The 
work is held on shuttle tables which move 
out during the unloading and loading ofi^ra* 


Hg. I. y*rfieal liiigl*- 
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tions while the ram returns to its starting position. While .this is 
going on, the other ram is at work. Single-slide machines are usually 
equipped with a quick return, but the return and cutting strikes on 
these machines are the same. This machine is well suited for subse* 



Rg. 2. Rnkh lidss «nd •ndi of eonn«etIng<red bolt bossM on doublo'tlldo vorflool 
bioocMng imiekino. ICeurtosy Tho Doiroit Broaek & Hoehino Compony.) 

quent operations on connecting rods such as cutting the cap from the 
rod, and finishing bearing and joint faces. It is adapted to quantity 
production of flat and contour surfaces, slots, and cutting-off 
operations. 

Vorfleol pwih hrooeliliif. The operation of push-broaching the 
internal diWeter of gears/it the rate of 450 per hour is shown in 
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Figure 8. This production speed is facilitated by the use of an index* 
ing*type fixture which makes possible rapid loading of the gears away 
from the operation. As soon as the broach returns to starting posi¬ 
tion, the fixture is indexed, and thq previously broached piece drops 
below to a tote box. Push broacliing requires comparatively short 



Rg. 3. iiluttrating ut* of indoiting fixfuro ia puih-broachlng infornal dlamohM' of goan. 
(Ceurlaty Colonial Broach Company.) 

broaches of sufficient cross section so that there is no column action 
due to the load imposed bn it during the operation. Push broaching 
can be done on simple utility presses. 

Yarffecrf puU-down breaching mecliinet. Vertical pull-down 
machines are adapted to internal broaching, as shown in Figure 4. 
Parts to be broached in this manner are placed in a fixture on the 
work table, the pulling mechanism being in the base of the machine. 
Broaching tools are suspended above by an upper carriage:. As the 
operation starts, the broaches are lowered through the holes to be 
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broached and are automatically engaged by the mechanism whiclt 
pulls them through the part. Upon removal of the v^ork, the tools 
rise* are engaged by the upper holders, and return to their starting 



Rg. 4* Bf«sek bell HoIm b two caps on vortieoi pull-down breaching machine. 
(Ceurtoiy The Detroit Broach i Machine Company.) 

position. Machines of this type have the advantage over pull-up 
machines in that the positioning of the part is easier and large parts 
are handled without difficulty. 

VGifleof pall^up broachlag maehlaaa. These machines axe also 
adapted m internal broaching and are frequently preferred for small 
parts. In many machines ^re are four or more broaching tools 
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involved. Although the general cycle of operation is limilar to the 
pull-down machine, it is reversed. At the startii^ position the paru 
to be broached are placed over the shanks of the broaches then beii^ 
held by the lower mechanism. As the broaches rise, they engage the 
upper pulling mechanism, and the parts are then held against the 
lower side of the work table. At the completion of the operation the 
parts Call and are deflected into a container. In this and most other 
broaching machines the operator has only to load the machine. 



Horlienfvf broaeklag machlaa. Although hoiisontal broaching 
machines have many -surface-broaching applications, they are gen¬ 
erally used for internal broaching of large and medium-sized parts. 
A diagrammatic sketch of a horizontal broaching machine, adapted 
for surface broaching, is shown in Figure 5. In this case the broach is 
pulled over the top surface of the workpiece held in the fixture. 
The hydraulic cylinder, which pulls the slide and broach, is housed 
in the right end of the machine. These machines operate at cutting 
speeds of 10 to 40 fpm and have return speeds around 100 fpm. 
For broaching internal work, the shank of the broach is manually 
threaded through each workpiece. 

An example of surface broaching on a horizontal machine is shown 
in Figpure €. In this case, a number of teeth having a depth of 
inch are cut on a segment gear at a production rate of 180 pieces per 
hour. In order to eliminate manual handling of the heavy broaching 
tool, the tool slide extends past the face plate that holds the work 
fixture. 

An interesting development in horizonul broaching^ is the cutting 
of helical grooves or splines by pulling a broach through the part 
and, at the same time, either rotating the part or broaching tool ao 

^ T. A Swiiidi*, ''RHUng Gun Banwit by BrMcMna,** Amurlemt Odabar 14. 

1443. 
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Rg. 6. Broaohing t*«th of go«r sogmont on • horliontnl faroodiing moelilno. (Cour> 
tosy Celoniol Brooch Compony.) 


cording to the helix desired. This procedure has been adopted by 
many gun manufacturers in rifling small-caliber and light-cannon>gun 
barrels. Horizontal machines are used, equipped with either single 
or six-station-type fixtures. Both arrangements pull the broaches 
through the barrels, and a positive lead is usually provided which will 
turn either the barrel or the broach. Two passes are used in the 
single-fixture machines, one for roughing and one for finishing. In 
the multiple-type fixture having six stations, one is used for loading 
and five for reaming, broaching, and finishing the bore. Rifling 
produced by broaching is more economical and more rapid than by 
the old hook-cutter method, and the rejections are much fewer. 

Roftiry-broacMng machines. Rotary broaching consists in 
mounting the work in fixtures supported on a revolving table which 
moves past stationary broaches. These broaclies are made in short 
sections so that they can be easily adjusted and sharpened. Rotary- 
broaching machines limited to small parts, are used for squaring dis¬ 
tributor shafts, slotting, straddle milling, form milling, and the facing 
of small parts. 

Confinuaas breaching machine. Continuous broaching ma¬ 
chines are adapted only for surface broaching. This type of broach¬ 
ing machine consists of a frame and driving unit with several work¬ 
holding fixtures, mounted on an endless chain which carries the work 
in a straight line past the stationary broaches. A view of a con¬ 
tinuous machine equippe<4'With a motor-driven cemveyor for refnov- 
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ing work from the machine is shown in Figure 7. Loading is done 

by an operator who drops the parts in the fixtures as they pass the 

loading statimi. The work is automatically clamped before it passes 

into the fixture tunnel in which the brmiches are held. After the 

« 

fixtMres pass through the broadi cut, they are autcunatically released 
by a cam, and at the unloading position the work falls out of the 
fixtures into the work chute. Production is high, since the operator 
handles only the work in the loading position; the output of the 
machine, varies with the ability of the operator to keep the machine 
loaded. 
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R9. 7. CoiitiniieM*Mtl«c**brMehiiig iMskiM aquif^td with inoior>drfv» aonwyor 
asad la laiaaviaq werh froai awNthlaa. (Coaifaty TM Foatas>Biirt Coaipany.) 

The design of this machine permits the use of long broaches, and 
each tooth has only a small amount of metal to remove. The first 
teeth are roughers and remove the major portion of the metal; the 
last teeth do the final finishing and sizing. Broaches are made up 
in short seaions to facilitate replacement. A variable cutting speed 
of 20 to 40 fpm is provided by a gear drive. 

Examples of surface-broaching operations are shown in Figure 8. 
Where there are several surfaces to be broached, such as on a hex¬ 
agonal section, an indexing fixture can be used, with three pairs of 
broaches mounted in the broach holder and spaced so that the fixture 
can be indexed between each pair of broaches. 

Some large tunnel broaches are designed for finish-broaching the 
tops of engine cylinders and cylinder heads. The part to be broached 
is held in a fixture which is pushed under the stationary broaches 
by a hydraulic ram. A wire cable then pulls the finished part onto 
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Rf. 1. EumplM of wrfoeo brooeking. (Ceuiioty Tho Foolo>liirt Compoiiy.) 


an exit conveyor while the fixture returns to starting position. Six* 
cylinder blociu can be surfaced in this manner at t^ rate dt 120 
per hour. 

trondiiaf Tnnto 

Broaching tools diffd’ frtnn most other productkm tods in that they 
are usually adapted to a single operation. The feed of the tool must 
be predetermined, and, onfe a broach is made, the feed remains a 
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constant. These facts necessitate having ccmplete information con* 
ceming the job, the material, and the machine to be used before a 
Inoach can be made. A few types of flat or regular section broaches 
can be made up in advance, but thos^ that finish unusual surfaces and 
shapes are specially designed. In designing and constructing a 
broach, the following information must be known: 

1. Kind of material to be broached. 

*2. Size and shape of cut. 

S. Quality of finish required. 

4. Hardness of material. 

5. Tolerance to be maintained. 

6 . Number of parts to be made. 

7. Type of machine to be used. 

8 . Method of holding broach. 

9. 'Pressure that the part will stand without breakage. 

Fixtures are frequently designed simultaneously with the broaching 
tools in order to work out the best arrangement. A fixture for broach¬ 
ing serves the same purpose as for milling operations; that is, it 
merely holds the workpiece in proper relation to the cutter and does 
not in any way guide the cutting tool. All broaching fixtures should 
be as quick acting as possible and must support the work rigidly 
against the heavy forces imposed on it dflring the operation. Refer¬ 
ence to most of the previous figures will show various fixtures in use. 

A common example of broaching is the finishing of round holes 
which is more rapid than reaming or boring and at the same time 
can be held to accurate limits. The life of the tool is long, since the 
broach has a great number of cutting teeth, with each taking only 
a very small cut. Two round broaches, one push-type and one pull- 
type, are shown in Figure 9. Finished holes can be made from holes 
previously drilled, reamed, bored, punched, or cored. At least ^4 
inch of stock should be allowed for the finish when broaching holes 
that have been previously machined. 

In some cases holes are sized and the finish improved by burnish¬ 
ing. This can be done with a burnishing broach or a regular broach 
which has several burnishing shells following the finishing teeth. The 
amount of stock left for burnishing should not exceed 0.001 inch, 
but for ordinary steel 0.0005 inch is sufficient. This amount should 
be distributed over three or four burnishing shells. The operation 
is one of cold working, which produces a hard unooth surface. 

Square, hexagonal, and other uniformly shaped holes usually start 
from round holes. The first teeth of su^ broaches conform to the 
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(njgiiiAl hole* but gradually the broach changes in section acexunding 
to the final shape of hole desired. If the starting*hole diamet^ for 
a square hole can be slightly larger than the finished side, a more 
economical broach can te niade. 



Hg. 9. RohimI brocdiM for push-oiMl-puii-lypo imcMimm. 


The broaching of internal keyways is one of the oldest uses of this 
process. A keyway broach and its adapter are shown in Figure 10. 
The adapter guides the broach and also assists in holding and locat* 
ing the work. Broaching tools for this purpose are extremely simple 
and can be obtained for general>purpose use. If multiple keyways of 
splines are to be cut, a single broach can be used with the work, the 
proper amount being indexed after each cut. This procedure is used 
only for large splines or in jobs where the production is small, since 
spline broaches can be obtained tor any number of keys desired. 
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Internal-gear broadiei me nimflar to s[dine broadies except for the 
involute contours on the sides of the teeth. They can be made to 
cut any number of teeth and are used for broaching as small as 
48-diametral pitch. This method of gear cutting is known as the 
form^ooth process, and the accuracy pf the teeth is entirely depend¬ 
ent on the accuracy of the form cutter. External-gear teeth may also 
be broached, but external-gear cutting is usually limited to cutting 
teeth on sector gears where only a few teeth are involvd. 



Rg. 10. Kaywny broaeklng. (CourtM/ liliMh Teel Werh.} 

Surface broaching has rapidly bea>me an important means of 
surface finishing. The simplest broaches, designed for flat surfaces, 
can be made up wi^ either straight or angular teeth, but the latter 
produce a smoker cutting action. Since the entire length of such 
broaches is sup{x>rted on a slide, it is possible to make them up in 
short sections. Heavy-duty broaches frequently have inserted teeth 
to reduce the initial cost and facilitate replacements. Many irregular 
or intricate shapes can be broached, but the tools must be specially 
designed for each job. 

The method of holding broaches in the machine depends on the 
type of broach as well as on its size and shape. One requirement of 
all types of puller ends is that they must permit rapid insertion and 
removal of the broach. The attachment of surface-type broaches 
presents no difficult problem since their entire length is supported on 
the slides of the madiines. 


IM 
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iraacMay fvraf 0iirf Mf Im. Reference to Figute 11, showing a 
puU>type broach, will illustrate some of the terms usually applied to 
broaches. Starting at the puller end, that portion of the tool up to 
the first teeth is known as the shmh. It is made up of the keyed or 
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pull end and the front pilot, which is a short section next to the teeth. 
The first teeth of the broach are the cutting teeth; the last few are 
called the finishing teeth. The distance from a px>int on one tooth to 
the corresponding point on an adjacent tooth is the pitch. This 



Fig. 12. Tooth lorm on brooch wHh prindpol forms ond onglos Imitcotod. 

depends on the length of broach, chip thickness, and the kind of 
material being broached. The short end next to the finish teeth is 
the rear pilot. 

The shapes or angles used on broaching tools are not necessarily 
the same ^oughout the length of the broaching tools. Figure 12 
shows an enlarged tooth form with terms and angles indicated. The 
top portion of a tooth is called the land and in most cases is ground 
to give a slight clearance. This angle, called backoff or clearance 
angle, is usually to 4 d^prees on the cutting teeth. Finish teeth 
have a smaller angle, ranging from 0 to 1^ degrees. There should 
be no r^inding on the lands of most broaching tools, because this 
changes the size of the broach. Sharpening is done by grinding the 
face or front edge of the teeth. The angle to which this surface is 



ground corresp<Mids to the rake angle on a ladle tad and is called the' 
face angle, hook angle, undercut angle, or rake angle. The last term 
is pfrobably the best, as it is the term used for this angle on other 
cutdng tools. The rake angle varies according to the material being 
cut and, in general, increases as the duaility increases. Values of this 
angle range from 0 to 20 degrees, but for most steels a value of 12 to 15 
degrees is recommended. This angle has considerable effect on the 
force required to make the cut and the finish. A large angle might 
give excellent resulu, but from the standpoint of lengthening tool 
life a smaller angle would be used. Frequently the first cutting meth 
are rugged in shape and have a small rake angle, while the finish teeth 
are given a larger rake angle to improve the finish. Side*rake. angles 
of 10 to so degrees are widely used on surface broaching to improve 
the finish qf tlw cut. 


RIVIIW QUESTIONS 


1. Define broaching, and state how it is done. 

t. IVhat are the advanuges and litniutions of the broaching process? 

3. Ctassify broaching machines according to method of operation. 

4. What it meant by surface broaching? 

8. What types of broaches and presses are .used in push*broaching? 
fi. Describe the operation of a puIl*down brpaching machine.' 

7. What type of work is done on a horizontal broaching machine? 
g. How is rifling put in gun barrels? 

f. What type of work is done on a rotary-broaching machine? 

1i. What type of broaching nuchine do you recommend for broaching the 
following parts: keyway in gear, involute teeth on gear segment, top of engitm 
cylinder, splines in gears, and cutting cap from connecting rod? 

11. What is meant by burnishing, atul how is it done <m a broaching machine? 

12. Describe the operation of a continuous broaching machine. 

13. What is a broaching fixture? 

14. What information must be known in order to purchase or design a broach? 
19. Sketch a tooth on a broach, and indicate rake angle, clearance angle, pitch, 

and land. 
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ABRASIVES, 
GRINDING WHEELS, 

AND 

GRINDING MACHINES 


To grind means "to abrade, to wear away by friction, or to 
sharpen.” As applied to machine-shop practice, it refers to the re¬ 
moval of metal by means of a rotating abrasive wheel. The action of 
a grinding wheel Ia very similar to that of . a milling cutter. The 
wheel is made up of many small abrasive grains bonded together, 
each one acting as a small cutting tool. Definite elongated metal 
chips may be seen clearly by examining the material removed under 
a microscope. 

The grinding process •is one of extreme imporunce in production 
work. It possesses certain advantages that are not found in other 
cutting processes: 

"1. It is the only method of cutting such materials as hardened steel. 
Parts requiring hard surfaces are first machined to shape while the 
metal is in an annealed state, only a small amount of excess material 
being necessary for the grinding operati<m. The amount of this 
allowance depends on the size, shape, sand tendency of the part to 

Mf 
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warp during die heat<treadng operadcm. The diarpening oC hand 
cutdng tools is an important use o£ this process. 

2. It produces finishes that are extremely smoodi and, hence, very 
desirable at contact and bearing surfaces. This is due to the many 
small cutting edges on the wheel. As the wheel has considerable 
' width, there are no marks as a result of feeding it across the work. 

3. Grinding can finish work to very accurate dimensions in a 
short time. Since only a small amount of material is removed, the 
grinding machines require a dose regulation of the wheel, and it is 
possible to hold work to a fraction of a thousandth of an inch with 
considerable ease. 

4. Very little pressure is required in this process, thus permitting 
its use on very light work that would otherwise tend to spring away 
from the tool. This characteristic permits the use of magoetif chucks 
for holding the work in many grinding operations. 

Abrailvat 

An abrasive is a hard material which can be used to cut or wear 
away other materials. Theoretically, any naterial can act as an 
abrasive to other materials that are softer. A brief classification of 
the common abrasive materials used for grinding wheels is given here: 

Abrasives^ for Grinding Wheels 

1. Natural 

(a) Sandstone or soyd quartz 

(b) Emery, 50-60% crystalline AI 2 O 3 plus iron oxide 

(c) Corundum. 7^90% crystalline AI 2 O 3 plus iron oxide 

(d) Diamonds 

(e) Garnet 

2. Manufactured 

(a) Silicon carbide, SiC 

(b) Aluminum oxide, AI 2 O 2 

(c) Boron carbide 

For many years it was necessary to rely on natural abrasives in 
the manufacture of grinding wheels. Sandstone wheels are still used 
to some extent for hand-operated grindstones. Although they are cut 
from hig^-grade quartz or sandstone, they have the disadvantage 
that they frequently do not wear evenly in use because of the varia¬ 
tions in the natural bond. Most wheels of thb type are made in 
Ohio, where suitable deposits of sandstone are found. 

Corundwn and emery have long been used for grinding purposes. 
Both are made up of crystalline aluminum oxide in ounbination with 
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inm oxide and other impurities. In the United Statm corundum is 
found in Tennessee, Geoigia, and South Carolina. Emery first came 
from Greece and Asia Minor but is now mined in New York and 
hfossadiusetts. like sandstone these minerals ladi a uniform bond 
and, consequently, are not suitable few high-apeed grinding work. 
Before the discovery of manufactured abnuives, these abrasives were 
crushed smd bonded with various materials in the manufacture of 
grinding wheels. The best T«ults were obtained by using the vitrified 
process. Although they were a great improvement over natural 
stiMies, the wheels still lacked uniform structure because of the 
impurities associated with the emery and corundum. 

Diamond wheels, made with a resinoid bond, are especially useful 
in sharpening cemented-carbide tools. In spite of high initial cost, 
they have jnoved economical because of their rapid cutting ability, 
slow wear, and free cutting action. Very little heat is generated with 
their use, which is an added advantage in tool grinding. 

Manufactured or electric'fumace abrasives were not known until 
the latter part of the 19th century. Silicon carbide was first dis* 
covered by £. G. Acheson of Monongahela City, Pennsylvania, in 
1891, while he was attempting to manufacture precious gems in an 
electric furnace. The hardness of this material, according to Mohs’ 
scale, 1 is slightly over 9.5, which approaches the hardness of a 
diamond. Realizing the possibilities of this hard crysulline material 
as an abrasive, the Carborundum Company developed the process on 
a ccnnmercial scale. The raw materiak now used are silica sand, petro¬ 
leum a>ke, sawdust, and salt. The funvice employed (see Figure 1) 
is quite long and of the resistance type. The raw materials are piled 
around the carbon electrode and walled up on each side with loose 
brick. The purpose of the sawdust is to give porosity to the mixture 
and to permit the e^ape of the carbon monoxide gas. The furnace 
is heated to around 4200 F and held there for a considerable period of 
time. The product consists of a mass of crystals surrounded by* 
partially unconverted raw material. After cooling, the material is 
broken up, graded, and then crushed to grain size. Silicon carbide 
crystals are very sharp, and extremely hard, but their use as an 
alwasive is limited because of brittleness. 

The development of aluminum oxide occurred a few years after 
the discovery of silicon carbide through experiments made by C. B. 
Jacobs of the Ampere Electrochemical C^pany of Ampere, New 
Jersey. The raw material for this process is the daylike mineral 

iMoIm' teal* of kardiMM: (I} Tale. (2) eypium. (3) eale spar, (4) Hiianpsr. 
(S) apafNa, (4) faMspar. (7) quarii. (•) lepas, (f) MppKira, (10) diameiid. 
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bauxite (mined in Arkansas ), which is the main source of the metal 
aluminum. Bauxite consitts principally of aluminum oxide in com- 
bination with water and various impurities. In brief» the process 
consists in first driving off the excess moisture by heating the ore, 
adding small amounts of coke a(nd iron filings to the ore to act as 



Re* I. SillcQii carbld* furiMec chSIrged wifh eeU, Mnd, and tawdutf undtr oparafing 
eondHiani. Nofa inflammabla gaiM aieaping at tha tidsc. ("Laetiira Caiina an 
Caatad Abritivas," Bahr.Maiining.) 


reducing and purifying agents, and dien putting it into the electric 
furnace of the arc type. The furnace consists of an unlined conical 
shell which is placed on a carbon base. Two carbon electrodes hang 
down inside the shell, and the bauxite is charged from above, filling 
the space around the electrodes. The current arcs pass from one 
electrode to the mass and then into the other electrode, producing 
intense heat which melts the mass and eliminates the impurities. 
The finished product is a huge pig, weighing several tons, which is 
broken up and graded. The purest material is at the center of the 
mass. Aluminum oxide is slightly softer than silicon carbide, but it 
is much tougher. Most manufactured wheels are made of aluminum 
oxide. 
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Mmifoctar* of Q^rtodfaiy Whooit 

Tfie process of making a grinding wheel is the same for both the 
aluminum oxfde and silicon carbide materials. In brief, the pro¬ 
cedure is: 

1. The material is first reduced to small sizes by being run through 
roll and jaw crushers. Between crushing operations the fines are 
removed by passing the material over screens. 

2. All material is passed through magnetic separators to remove 
iron compounds. 

S. A washing process removes all dust and foreign material. 

4. The grains are graded by being passed over vibratii^ standard 
screens. (A standard SO-mesh screen has 30 meshes per inch or 900 
openings per square inch. tio. 30-size material is that which passes 
tluou^ a no. M screen and is retained on the next finer size, whidi 
in this case is no. 36.) 

5. Grains are mixed with bonding material, molded or cut to 
proper shape, and heated. The heating or burning procedure varies 
considerably, according to the type of bond used. 

6 . The wheels are bushed, tru^, tested, and given a final inspec¬ 
tion. 

Bondlug ProcMMi 

I.. YlfrMM proeoss. The abrasive-grains are mixed with day¬ 
like ingredients which are changed to glass upon being burned at a 
high temperature. ■ In the puddling process sufficient water is added 
to form a thick smooth mixture. It is then poured into a steel mold 
and allowed to dry for several days in a room with controlled tem¬ 
perature. The dry-press process requires the addition of little water. 
In this case the wheels are shaped in metal molds under a hydraulic 
press. Wheels made this way are dense and are accurately shaped. 
The time for burning varies with the wheel size, being anywhere from 
2 to 14 days. The process is similar to burning tile or pottery. 

Vitrified wheels are porous, strong, and unaffected' by water, acids, 
oils, and climatic or temperature conditions. About 75% of all 
wheels.are made by the vitrified process. The rea>mmended speed 
for these wheels is 5500 fpm with a maximum speed of 6500 fpm. 

2* SNieoft procou. In this process silicate of soda is mixed with 
the abrasive grains, and the mixture is tamped in meul molds. After 
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drying levml houn, the wheels are baked at $00 F {rom one to* three 
days« 

Silicate wheels are milder acting than those made by other processes 
and wear away more rapidly. They are suitable for grinding ec^jie 
tools where the heat must he kept to a minimum. This process is 
also to be recommended for very laige wheels since they have little 
tendency to crack or warp in the baking process. The hardness 
of the wheel is controlled % the amount of silicate of soda used and 
the amount of tamping given the material in the mold. 

3. SMIae procMS. The abrasive grains are first coated with 
shellac by being mixed in a steam>heated‘mixer. The material is 
then placed in heated steel molds and rolled or pressed. Finally, the 
wheels are baked a few hours at a temperature around 300 F. 

This bond is adapted to thin wheels, as it is very strqng and has 
some elasticity. Sheliac>bonded wheels are also used for grinding 
camshafts and other parts where a high polish is desired. Other uses 
are sharpening laige savn, cutting-off operations, and finishing large 
rolls. 

4. Mabbf proeMS. Pure rubber with sulfur as a vulcanizing 
agent is mixed with the abrasive by running the material between 
heated mixing rolls. After it is finally rolled to thickness, the wheels 
are cut out with proper-shaped dies and then vulcanized under pres¬ 
sure. Very thin wheels' can be made by this process because of the 
elasticity of material. Wh^ls having this bond are used for high¬ 
speed grinding (9000-16,000 fpm), since they afford rapid removal 
of the stock. They are used a great deal as snagging wheels in 
foundries and also for cutting-off wheels. 

5. ioirnflft or rntfMld procots. The abrasive grains in this 
pocess are mixed with a synthetic-resin powder and a liquid solvent. 
This plastic mixture is then molded to proper shape and baked in an 
electric oven at 312 F one-half to three days. This bond is very hard 
and strong, and wheels made by this process can be operated at speeds 
around 9500 to 16,000 fpm. They are used for general-purpose 
grinding and sue widely used in foundries and billet shops tor 
snag ging purposes because of their ability to remove metal rapidly. 

' •riildliig-WhMl SdMfiM 

The poper selection of a grinding wheel for a definite purpose is 
importsuit. There is a great variation in the wheels from which one 
may choose, and the selection is somewhat diflkult because of the 
many factors invedved. The faaors to be conudered in ordering a 
whed are: 
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I. $ltm amI 9i wftMl* The pnndpil grinding wheel shapes 

have been standaidized by the Unit^ States Department of C^- 
merce and the Grinding Mlieel Manufacturers Association. Standard 
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CYLINDER 





Type No. 4. 
TAPERED TWO SIDES 




Type Nal3 
SAUCER 


Rg. 2. Sfeedetd griitdlng^wliMl shapes. 



R=i 


Rg. I. Staidard grliidliig<wlisel laesa. 


thapes whidi are available are shown in Figure 2, each having its 
typg number. These may be obtained from any wheel roanu* 
facturer. Grinding wheels of the stra^ht wheel type have been 
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Standardized according to wheel face as shown in Figure S. These 
wheels are used for grinding special contours and sharpening saws. 

2* KM o# ahraafve. A decision as to whether to use silicon 
carbide or aluminum oxide is largely dependent on the physical 
properties of the material to be ground. Silicon carbide wl^ls are 
recommended for materials of low tensile strength, such as cast iron, 
brass, stone, rubber, leather, and cemented carbides The.alumi¬ 
num oxide wheels are best used on materials of ^igh tensile strength 
like hardened steel, high-speed steel, alloy steel, and malleable iron. 

3. Grofii siio of obroahro porffefoa. In general, coarse wheels 
are used for fast removal of materials. Finegrained wheels are used 
where finish is an important consideration. Coarse wheels may be 
used for soft materials, but generally a fine grain should be used for 
hard and brittle materials. Grain size is specified according to stand¬ 
ard screen sizes. The Norton Company classes abrasives from,no. 6 
to no. 24. coarse, no. 30 to no. 60 m^ium, no. 70 to no. 120 fine; and 

. no. 150 to no. 240 very fine. Flour sizes run as high as no. 600 mesh. 

4. Grwdo or tfroagfk of bond. The grade depends on the kind 
and hardness of the bonding material used. If the bond is very 
strong and capable of holding the abrasive gibins against the force 
tending to pry them loose, it is said to be hard. If only a small 
force is needed to release the grains, the wheel is said to be soft 
Most companies indicate the grade of the wheel by a letter. Although 
company standards differ, *in general, the grade letters increase in 
hardness from D to Z. Hard wheels are recommended for soft mate¬ 
rials. and soft wheels fordiard materials. 

5. Sfracforo or groin epoelog. The structure refers to the num¬ 
ber of cutting edges per unit area of wheel face as well as to the 
number and size of void spam between grains. The structure to use. 
depends principally on the physical properties of the material to be 
ground and the type of finish desired. Soft, ductile materials reljuire 
a wide spacing. A fine finish requires a wheel with a dose spadng 
of the abrasive partides. 

6. KM of hood moforloh The vitrified bond is most commonly 
used; bu|^ where thin wheels are required or high operating speed or 
high finish is necessary, other bon^ are more advantageous. 

7. fmofloo of grhidlag wbool.^ The use or purpose for which 
a grinding wheel is to be employed is the defining factor in wheel 
selection. The following are basic functions of grinding wheels: 

* Oriitdiim Fach, Carbeninduiii Company, 1944. 
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(d) Generation of size mr grinding t6 cIcmc tolerance. 

(Sf) Generation of sifrfaoe finishes or effects which may or may not 
involve dose tolerances. 

(c) Removal of a large amount of.stod(s. as in snagging. 

(d) Cutting-off operatioiu. 

(e) Production of sharp edges or points as in knife grinding. 

(f) Reduction of material to partide form. 

i. Other facfon that must be given some consideration are the 
wheel speed, speed of work, materials to be ground, and general 
condition of the machine. Table 18 lists recommended grinding- 
wheel speeds. 


TABLE 18. Reeommendad Grinding-Wheel Speeds 


Type of Grinding ^ 

Wheel Speed, 
Surface Feet 
per Minute 

Internal 

2000-6000 

Hemming cylinders 

.2100-5000* 

Machine knives 

3500-4500 

Surface 

4000-5000 

Cutlery—large wheels offhand 

4000-5000 

Wet tool 

5.000-6000 

Cylindrical , 

5500-6500 

Snagging—vitrified bond 

5000-6000 

Snagging—resinoid and rubber bond 

7000-9500 

Cut-off—rubber, resinoid, and shellac band 

9000-16,000* 


* Recommended only where bearings, protection devices, and machine 
rigidity are adequate (Abrasive Company). 

A standard system^ of marking grinding wheels, recently adopted 
by the American Standards Assodation, is shown in the accompany¬ 
ing chart. Although the standard greatly facilitates ordering, from 
the standpoint of uniform marking of all wheels, there is no assurance 
that competitors' wheels marked alike will cut the same. Provision 
£or eadi manufacturer to incorporate into the system such symbols as 
further describe the wheel and qualify the standard markings are 
stated in the first and last symbols of the identification marking. 


SAnwricM Standard 11.17-1949. 


BTt 
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STANDARD MARKING SYSTEM CHART 
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Griadiiif MaebiiiM 

Grinding machines are designed principially to finish parts having 
cylindrical, flat, or intenial surfaces. The kind of surface machined 
largely determines the type of grinding machine thus, a machine 
grinding cylindrical surfaces is called a cylindrical grinder. Ma¬ 
chines designed for some special function such as tool grinding or 
cutting off, are designated^according to the type of operation they 
perform. 

A classification of grinding machines according to type of surface 
generated or work done is as follows: 


Cldssificafion of Grindin9 Machinos 

1. Cylindrical grinder 

(a) Work between centers 

(b) Centerless 

(c) Tool post 

(d) Crankshaft and other special applications 

2. Internal grinder 

(а) Work rotated in chud: 

(б) Work rotated and held by rolls 
(c) Work stationary 

3. Surface grinder 

(a) Planer type (reciprocating table) 

(1) Horixonul spindle 

(2) Vertical spindle 
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(b) Routing uble 

(1) Horizonul spindle 

(2) Vertkal spindle 

4. Tool grinder 

(а) Universal 

(б) Special 

(1) Drill 

(2) Tool bit 
(S) Cutter 

(4) Pedestal, etc. 

5. Special grinding machines 

(a) Swinging frame—snagging 

(b) Cutting off—uwing 

• (c) Poruble—offhand grinding 

(d) Honing and lapping—accurate finishing 

(e) Superfinishing 

• (/) Flexible shaft—general purpose 

. 6. Surface finishing 

• (a) Disk 

(b) Flexible band 

(c) Two-wheel polishing or buffing machine 

Cyliiidricol Grindora 

As the name implies, this machine is used primarily for grinding 
cylindrical surfaces, although tapered and simple formed surfaces 




Rg. 4. liliMtrstlnc the metkeds «f wpperfing work in Uni enntar and Mw ennfnrlnt 
¥fpm nf cylindrical grinding. • 

may also be ground. This type of machine may be further classified 
according to the method of supporting the work. Schematic dia¬ 
grams illustirating the essential difference in supporting the work 
between the center and the centerless grinders are shown iii Figure 4. 
In the centerless type, the work is supported by the arrangement of 
the work rest, a regulating wheel, a^ the grinding wheel itself. 
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Both types use. plain grinding wheels with the grinding face as the 
outside diameter. 

An illustration of a hydraulic center-type cylindrical grinding 
machine is shown in Figure 5. Three movements are incorporated 
that are necessary in the operation of cylindrical grinding. 



Rg. 5. Hydraulic cylindrical grinding machine, 14 X 96. (Courtesy Landis Teel 
Company.) 

1. Rapid rotation of the grinding wheel at the proper grinding 
speed, usually 5500 to 6500 sfpm. 

2. Slow rotation of the work against the grinding wheel at a speed 
to give best performance (this varies from 60 to 100 sfpm in the 
grinding of steel cylinders). 

3. Horizontal traverse of i;he work back and forth along the grind¬ 
ing wheel so as to grind the entire surface of a long piece. 

In some machines the work remains stationary except for its rota¬ 
tion, and the wheel is slowly fed back and forth across the work. 
The narrower the face of the wheel, the slower must be the traverse 
and the faster should be the work revolution. For mast cases the 
work should be traversed nearly the entire width of the wheel during 
each revolution of the work. In finishing, the traverse may be re¬ 
duced to one half the width of the wheel. 

The depth of the cut is controlled by feeding the wheel into the 
work. Roughing cuts around 0.002 inch may be made, but for finish¬ 
ing, the feed should be reduced to about‘0.00025 inch. In selecting 
the amount of infeed, consideration must be given to the size, 
rigidity of the work, the finish desired and to whether or not a 
coolant is used. 

Where the face of the wheel is wider than the part to be ground, 
it is not necessary to traverse the work. This is known as ''plunge- 
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cut** grinding and is common practice in the grinding of crankshafts. 
Guts up to 9 inches wide may be made in this manner if the work is 
properly supported. Grinders f<xr crankshaft work are usually built 
especially for that purpose, owing to the special features necessary 
for supporting and driving the crankshaft. Another special machine 
of this general type is the camshaft grinder. In order for the cams 
to be ground to proper shape, the movement of the work to and away 
from the wheel is controlled by master cams at the end of the shaft. 



The tootrpost grinder is used for miscellaneous and small grinding 
work on a lathe. It is held on the tool post and fed across the work, 
the regular longitudinal or compound rest feed being used. A 
common application of this grinder is the truing up of lathe centers. 

Centerless grinders are designed so that they support and feed the 
work by using two wheels and a work rest, as illustrated diagram* 
matically in Figure 6. The large wheel is the grinding wheel; and 
the smaller one, the pressure or regulating wheel. The regulating 
wheel is a rubber-bonded abrasive wheel having the frictional 
characteristics to rotate the work at its own rotational speed. The 
speed of this wheel may be controlled and varies from 50 to 200 sfpm. 
Both wheels are rotated jn the same direction. The slide assists in 
supporting the work while it is being ground and is extended on 
both sides to direct the work travel to and from the wheels. 

The axial movement of the work past the grinding wheel is 
obtained by tilting the wheel at a slight angle from horizontal. An 
angular adjustment of 0 to 8 or 10 degrees is provided in the machine 
for this purpose. The actual feed can be calculated by this formula: 

f tm ,fdN sin « 
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where F - feed in inches per minute 
N — revolutions per minute 
d <• diameter of regulating wheel in inches 
a — angle of inclination of wheel 

The formula assumes no slippage, and. in actual practice, the error 
is slight. Centerless grinding may be applied to any cylindrical 
parts of one diameter, as shown in Figure 7. In production work on 



Rg. 7. Tub* grinding In e*nf*rl*is grlndtr. (CeurlMy Clnelnnali Milling ft Grind* 
Ing Maehin*!.) 

such parts as piston pins, a magazine feed is arranged, and the parts 
may go through several machines before completion, each grinder 
removing from 0.0005* to 0.002-inch stock. 

Where parts are not uniformly of the same diameter, or where 
they require form grinding as a ball bearing (see Figure 8), the 
infeed type of centerless grinding must be used. The method of 
operation corresponds to the plunge<ut form of grinding, and the 
length of the section to be ground is limited to the width of the 
grinding wheel. The part is placed on the work rest and is moved 
against the grinding wheel with the regulating wheel. Upon com¬ 
pletion, the gap between the wheels is increased either manually or 
automatically and the work is ejected from between the wheels. 
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This type of grinding is also illustrated in Figure 9, in the grinding 
a textile spindle of several diameters. In this case the loading 
and unloading of the spindle is done by a holding cradle and elevator 



Rg. V. CmtoriMt grinding of long ihoft udng work kindling dovleo. (Courtny 
Cinelnnoti Grindors.) 


n rffbqnl*”* which is operated by and synchronized with the infeed 

mechanian. . 

A third type of centerless grinding called end feed has been devised 
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for use only on short taper work. Both wheels are dressed to the 
correct taper, and the work is automatically fed in from one side to 
a fixed stop. 

The advantages of centerless grinding are: 

1. Less skill is required in the operation of the machine. 

2. No chucking or mounting of the work on mandrels or other 
holding devices is required. 

3. The work is rigidly supported, and there is no tendency for 
chatter or deflection of the work. 

4. The process is rapid and especially adapted for prcxluction work. 
Idle machine time is negligible. 

5. The size of the work is easily controlled. 

6 . As a true floating condition exists during the grinding process, 
less grinding stock is required. 

Some disadvantages are; 

1. Work with fiats and keyways cannot be ground. 

2. In hollow work there is no assurance that the outside diameter 
will be concentric with the inside diameter. 

3. Work having several diameters is not easily handled in this type 
of machine. 

IntGrnal 0rlnd«rs 

The work done on an internal grinder is diagrammatically shown 
in Figure 10. Tapered holes, or those having more than one 



Rg. 10. ShlMg to clew toloroneo by IntoriMii grinding. 

diameter, may be accurately finished in this manner. Although 
especially adapted for heat-treated parts, internal grinding is fre¬ 
quently used on production parts that have not been heat-treated 
to S3ivc on reamer cx>st and maintenance. 

According to general construction there are several types of internal 
grinders. 

1. The wheel is rotated in a fixed position while the work is 
slowly rotated and traversed back and forth. 
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2. The wheel is rotated and at the same time reciprocated hack and 
forth through the length of the hole. The work is rotated slowly but 
otherwise has no movement. The usual setup for this type of %vork 
is diown in Figure 11. The bearing is fastened to the slowly rotating 
chuck while the grinder wheel is rotated at high speed against one 
side of the hole. 



Rg. li. Infcmiii grinding. (Ceurhity Landis Teel Cempeny.) 


3. The work remains stationary, and'the rotating wheel spindle is 
given an eccentric motion, according to the diameter of hole to be 
ground. This type of grinder is frequently called the planetary type, 
and it is used for work that is difficult to rotate. In actual con* 
struction the wheel spindle is adjusted eccentrically in a larger one 
that rotates about a fixed axis. The wheel spindle is driven at high 
speed and at the same* time rotates about the axis of the large spindle. 

4. In another type of grinder which embodies the principle of 
centerless grinding, the work is rotated on the outside diameter by 
driven rolls, thus making it possible to grind the bore absolutely 
concentric with the outside diameter. This arrangement lends itself 
to production work since loading is simplified and magazine feed 
may be used. 

A diagrammatic sketch of a centerless internal grinder is shown 
in Figure 12. Three rolls are used to support and drive the work, 
a regulating roll, a supporting roll, and a pressure roll. Centerless 
grinders of this type can be arranged for automatic loading and 
unloading by swinging the pressure roller out of the way at the 
end of the cyde. Advantages of centerless grinding include the 
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elimination of work>holding fixtures and the ability of the madiine 
to grind both straight and tapered holes. 

Since internal-grinding wheels are small in diameter, the spindle 
speed is much higher than for cylindrical grinding in order to atuin 
surface speeds up to 6000 fpm. Most toolroom grinding is done 


Grinding 
Wheel 


Roll 


Rg. 12. Sehwnatle sbtteh of contoHon Intomol grinding. 

dry, but common practice on production work is to grind steel 
wet and to grind bronze, brass, and cast iron dry. The amount of 
metal to be allowed for internal grinding depends on the size of the 
hole to be ground; in most cases this allowance is around 0.010 inch. 

Surfoen Grinding 

The grinding of flat or plane surfaces is known as surface grinding. 
Two general types of machines have been developed for this purpose, 
those of the planer type with a reciprocating table and those having 
a rotating work table. Each type of machine has the possible varia¬ 
tion of having the grinding-wheel spindle in either a horizontal or a 
vertical position. The four possibilities of construction are diagram- 
matically illustrated in Figure 13. 

A large surface grinder with a horizontal spindle and reciprocating 
table is shown in Figure 14. Straight or recessed wheels (type 1, 5, 
and 7), grinding on the outside fac» or circumference, are used. 
This g’inder has hydraulic control of the table movement with pos¬ 
sible speeds up to 100 fpm. Likewise, a hydraulic cross-feed is used 
which may be varied up to width of wheel face. This type of 
grinder is well adapted for reconditioning dies, as the large-diameter 
wheels permit this operation without the guide pins being removed. 
Other applications include the grinding of grooves, ways on madiine 
tools, and other long surfaces. 
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HORIZONTAL SPINDLE HORIZONTAL SPINDLE 

RECIPROCATING TABLE ROTATING TABLE 



VERTICAL SPINDLE VERTICAL SPINDLE 

RECIPROCATING TABLE •ROTATING TABLE 

R9. 13. TypM of Mirfaea'grlndtng maelilnM. 



Rg. I4w fr«eli}eii nirlaea grindw’ with Imrlwnlal spindl*. (CouiiMy 
MmHm WmIi.) • 
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Another type of construction for planer*table grinders is the vertical 
spindle design, the grinding being done by a laige-diameter ring- 
shaped wheel. This machine is similar in appearance to the one 
shown in Figure 14 but has the grinding wheel spindle held in a 
vertical position. Vertical and crosswise adjustments for the wheel 
are incorporated in the head assembly. 



Rg. IS. Rot«iy surf«e« grimlar. (Courfacy Artar Grinding Mneliin* Company.) 


A rotary-table surface grinder having the grinding wheel spindle 
in a horizontal position is shown in Figure 15. Work is held on a 
magnetic chuck and is rotated slowly under the grinding wheel which, 
in turn, is given a reciprocating motion during the grinding opera¬ 
tion. This type of surface grinder is adapted to circular work such 
as milling cutters, saws, piston rings, and valves. By tilting the 
table, concave surfaces or short run tapers may be ground. 

Both types of vertical spindle surface grinders use wheels like 
those shown in Figure 16. The wheel is a hollow cylinder which 
cuts on>its end and can be made up as a plain cylindrical wheel, a 
sectored wheel, or a segment wheel. All three of these wheels are 
illustrated in this figure. The cylinder and sectored wheels are set 
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Rg. lA. A Meloiwd wIimI, a plain cylindrical wheel, and a Mgmant wheel, uied in 
vartieal*«p{ndle surface grinding. (Courtesy The Blanchard Machine Company.} 



Rg. 17. Double-spindle surface grinder with feed-through fisture for grinding bearing 
Mcai. (Courtesy Gardner Machine Company.} ^ 
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with sulfur into a cast-iron ring which fastou to the face plate of 
the spindle. The segment wheel uses a chud; secured to the face 
plate in which the segment blocks are clamped. Because of the 
large area of work in contact with these wheels, they are espectally 
adapted to grinding large surfaces. 

Several modifications of standard-type surface grinders are avail¬ 
able for various production uses. Shown in Figure 17, is a specially 
designed machine for the simultaneous grinding of both sides of 
bearing races. In this double-spindle machine, parts are fed through 
the opposed wheels in a constant stream. The push-through-type 
fixture is actuated by rubber feed rollers. 

Mageeffc efiveks. Work can be held on surface grinders and 
other machine tools by means of magnetic chucks, this method of 
holding having the advantage of being both simple and rapid. Parts 
to be held are placed on the chuck, which is energiz^ by the 
turning of a switch. 

The two types of chucks used are the permanent-magnet and those 
magnetized by means of direct-current. The direct-current chucks, 
made in both rectangular and circular shapes, have a pulling power 
of around 125 psi. The rectangular style is suitable for use on 
reciprocating grinders or for light milling machine work. Rotary 
chucks, designed for lathes and rotating table grinders, are shown in 
Figure 18. The problem of jgetting the current to these chucks is 
overcome by the use of collector rings and a brush unit mounted at 
the back end of the chuck or spindle. The pulling power varies 
according to the type of winding used and may be as high as 165 psi. 
The equipment for furnishing the direct current consists of a motor- 
generator set and demagnetizing switch. 

All parts held on a magnetic chuck should be demagnetized after 
the work is finished. Several types of demagnetizers are available, 
operating on either alternating or direct current, which successfully 
remove the residual magnetism from knives, bearing races, blades, 
and many other parts. 

Permanent-magnet chucks do not require any electric equipment, 
and -work can be held on these chucks without damage to work or 
chuck. The operation of this cliuck is by means of a lever on one 
side. Figure 19 shows what takes place when the operating lever 
is shifted. In the “off** position the conductor ban and separator 
are shifted in such a way that the magnetic flux passes through 
the top plate and is short-circuited from the work. When the handle 
is turned to the “on” position, the conductor ban and nonmagnetic 
separators line up so that magnetic flux, in following the line of 



Rg. IS. Cenecirfrle^ap and ra<lial*pela rotary ehueb. (Courtasy $• Wallar 
Company.} 


is sufficient to withstand the action of grinding wheels and other light 
machining oprerations. This chuck and the d-c chucks may both be 
used for either wet or dry operations. * 



<C© [ 

WromoN WrasinoN 


Rg. IS. Diagrammatic dwtcR showing how weii h hold on parmanant-magnat dHiek 
{Courtaty Brown & Sharp# Manufacturing Company.) 

Tool ood Cottor Griodors 

In grinding tools by hand (known as ofiEhand grinding) a bendi* 
or pedestal-type grinder is used. The tool is held by hand and 
moved across the face of the wheel continually to avoid excessive 
grinding in one spot. This type of grin^ng is used to a large extent 




•It ABKASIVES. 6IUN0IN6 WHHLS. efUNDlNG MACHINB 

on lii^le^inc took and is dependent on the skiU of the operate 
for good results. 

In large production plants much of this type of grinding is done on 
special single{>urpose grinders. Special drill or tool-bit grinders are 
justified by the large amount of grinding work necessary to keep pro¬ 
duction took in proper cutting condition. In addition, took can be 
ground uniformly and with accurate cutting angles. 



Rg. 20. Tool and ciitftr grinder. (Courtecy CineinMifi Milling Mnehln* Cempeny.) 


For the sharpening of miscellaneous cutters a universal-type 
grinder as shown in Figure 20 is used. It is equipped with a uni¬ 
versal head, vise, headstock and tailstock, and numerous other attach¬ 
ments for holding tools and cutters. Although essentially designed 
for cuttey sharpening, it can also be used for cylindrical, taper, 
internal, and surface grinding. 

Honing 

Honing is a grinding or abrading process in whidi very little mate¬ 
rial is removed. This process k used primarily to remove the grind¬ 
ing or tool marks left on thf surface by previous operations. The 
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cutting action js obtained from abrasive sticks (aluminum oxide and 
silicon carbide) mounted in a mandrel or fixture. A floating action 
between the work and tool prevails so that any pressure exoted in 
the tool is transmitted equally to all sides. The honing tool is given 
a slow reciprcicating-motion as it rotates, having resultant honing 
speeds ranging from 50 to 200 sfpm. Thb action results in rapid 
removal of stock and at the same time the generation of a straight 
and round surface. Defects such as a slight eccentricity, a wavy 
surface, or a slight taper, caused by previous operations, can be cor¬ 
rected by this process. Parts honed for finish remove only 0.001 
inch or less; however, where certain inaccuracies must be corrected, 
amounts up to 0.020 inch represent usual practice. Coolants are 
essential to the operation of this process to flush away small chips 
and to keep temperatures uniform. Sulfurtzed mineral-base or lard 
oU mixed with kerosene is generally used. 

•A portable-type hone, used in connection with electric or pneu¬ 
matic hand tools, is shown in Figure 21. Such hones are used in 
repair and salvage work, as well as on small-lot production jobs. 
External honing may also be done by rotating the work and moving 
the honing stones back and forth as they are held in a suitable fixture. 

Semiautomatic honing machines used in the finishing of automobile 
cylinder bores are vertical-type machines. Both single and multi¬ 
spindle machines are used for this operation. Horizontal machines 
are used only for honing long gun barrels and similar work. Manu¬ 
ally operated machines hold the work in a horizontal position, and 
the rotational movement only is supplif^d by the machine. 

All honing gives a smooth finish with a characteristic cross-hatch 
appearance. The depth of these hone marks can be controlled by 
variations in pressure, speed, and ty[>e of abrasive used. Accurate 
dimensions can be maintained by the use of automatic size-control 
devices in connection with the hone. 

Lopping 

The purpose of lapping is to produce geometrically true surfaces, 
N. correct minor surface imperfections, improve dimensional accuracy, 
or provide a very close fit between two contact surfaces. Although 
it b a material-removing operation, it is not an economical one. The 
amount of material removed is usually less than 0.001 inch. Lapping 
b used on flat, cylindrical, spherical, or specially formed surfaces. 

The actual operation consists of having the work surfaces in con¬ 
tact with a lap, the two having motion with one another in such a 
way that fresh contacts are constantly being made. Loose abrasive. 
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carried in some vehicle such as oil, grease, or water, is used between 
the lap and work to do the necessary abrading. In some cases tlw 
abrasive is in the form of a bonded wheel, and the lapping operation 
is similar to that of centerless and vertical spindle surface grinding. 
Metal laps used must be softer than the work and fm* machine lap 



Rg. 21. PertabU hena. 
(Courtaty SunfMn Frock 
udt Company.) 


Rg. 22. VarHeal lapping maehina far 
eyiindriaal and flat lapping oparatipns. 
(Courtasy Hausar Maehina Tool Corpo¬ 
ration.) 


ping are usually made of close-grained gray iron. Other materials 
like steel, copper, lead, and wood are used in special cases where 
cast iron is not suitable. By having the lap softer than the work, the 
abrasive particles (usually boron carbide, silicon carbide, aluminum 
oxide in fine-screened sizes, or flour) become embedded in the lap 
and cause the greatest wear to occur on the hard surface being' 
worked on. In the lapping of carbide tools and jewels, diamond 
particles permanently embedded in copper laps are most successful. 

Vertical lapping machines, similar to the one shown in Figure 22, 
are used for both flat and cylindrical lapping. These machines have 
two laps, a lower one whidi supports the work and rotates at rela¬ 
tively slow speeds and a stationary upper lap. The upper lap floats 
on the work and supplies pressure for the abrading action. Cylindri- 
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cal work is loosely held and guided in i plate*type holder so that 
it travels on an off-radial axis, the work propelling the holder from 
motion received from the lower-lap. A similar holder is used in the 
lapping of flat surfaces, where the holder propels the work. Either it 
is provided with drive pins which impart to it a rotary and gyratory 
motion, or it is given a planetary motion. In either case the work is 
brought in contact with the entire surface of the lap in an ever- 
changing path. Commercial accuracy can be held to 0.000024 inch 
readily and to even closer limits if needed. Products commonly 
finished by this process include gages, piston pins, valves, gears, roller 
bearings, thrust washers, and optical parts. 


SnpoHlaishhig 

All machining operations as well as the usual grinding processes 
leave a surface coated with fragmented, noncrystalline, or smear metal 
which though easily removed by sliding contact results in excessive 



Rf. 23. Hoflom Miipleyad bctwMii abrafiv* stoM and worfc In qfiindrieni Mipcr- 
finishing. (Cnurfnsy CUsheit Madiinn Coigpnny.) 

wear, increased clearances, noisy operation, and lubrication difficul¬ 
ties. Superfinishing is a surface-improving process which removes this 
undesirable fragmentation metal, leaving a base of solid crystalline 
metal. It is somewhat similar to honing since both processes use an 
abrasive stone, but differ, in the type of motions given to the stone. 
Superfinishing is largely confined to exterior regular surfaces, both 
flat and curved. This process, which is essentially a finishing process 
and not a dimensional one, can be superimposed on other commercial 
finishing operations. 

In cylindrical superfinishing (see Figure 2S), a bonded-form abra¬ 
sive stone, having a width about two thirds the diameter of the part 
to be finished and the same length, is operated at low speed and 
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prcttture. The motion given to the stone is an oscillating one to 
% inch amplitude) of about 450 cycles per minute. If the part is of 
greater length than the stone, an additional longitudinal movement 
of either stone or work is necessary. The work is routed at a speed 
of around 50 sfpm and during the operation is flooded with a light 
oil which carries away the minute particles abraded from the sur¬ 
face by the short oscillating stone strokes. The stone action is 



Rg. 24. BmIc iMturas of flof wporfinitking. (Courloiy Gtshelt MocMno CongMny.) 

similar to a scrubbing movement and removes all excess and defective 
meul on the surface with low abrasive stone pressures of 3 to 40 psi. 

The superfinishing of flat surfaces is illustrated in Figure 24, A 
routing, cup-shaped abrasjse stone is used, with the work restii^ 
on a circular table carried by a routing spindle. An additional 
oscillating movement can be given to the stone; but, since both it and 
the work are routing, this action is not so imporunt in developing 
a continually changing path of the abrasive particles. The super¬ 
finishing of spherical surfaces is similar to that used for fiat surfaces 
except that the formed cup spindle is at an angle to the work sjnndle, 
and no oscillating motion can be used. 

It is interesting to note that, when a surface has been made smooth 
by this process, any further stone action has little or no effect, owing 
to the supporting oil .film between the stone and the work. With 
proper equipment it takes only 5 to 30 seconds to finish a single bear¬ 
ing area. Surfaces may be processed to a mirror finish or may be 
given a slight cross-hatch pattern, desirable in ceruin bearing surfaces. 
A special superfinishing machine, designed for finidiing the bearings 
of a crankshaft, is shown in Figure 25. The time for completing the 
operaticm varies from 15 to 50 seconds, depending on the initial ocm* 
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FIf. 26. CrMbhafl wpvHtnislwr. (CeurtMy Oiikolt MmMm Company.) 


dition o£ the surface. Numerous other variations of the superfinish¬ 
ing process have been worked out for the many oUrer bearing surfaces 
found in high-speed machinery. 

Coated Abrasives 

When abrasive particles are glued to |Kipcr or other flexible back¬ 
ings, as illustrated in Figure 26, they are known as coated abrasives. 
Any of the abrasives used in wheel manufacture may be applied in 
this way. The most common type is the ordinary "sandpaper,” 
which name is frequently applied to this entire group. The abrasive 
in this case is a flint quartz; which is mined in large lumps and then 
crushed to size and graded. Another important natural abrasive is 
the red mineral garnet. Of the several kinds of garnet known, the 
one called almandite is the best for abrasive coatings. It is much 
harder and sharper than* flint and, when broken down, breaks into 
crystals with many cutting edges. The best garnet comes from the 
Adirondack Mountains in New York State. Other natural abrasives 
are emery and corundum. The two manufactured abrasives that 
have wide application are silicon carbide and aluminum oxide. 
Figure 27 is a photomicrograph of three natural alurasive grains com- 
psu^ with common sea sand, slurwing outstanding differences in 
shape and structure. 
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The three typet of backing used are paper, doth, and a combina* 
tion <rf the two. '!*aper<oated abrasives are cheapest but lack flexi¬ 
bility. For applications requiring both strength and flexibility, a 
cloth backing is preferred. Ck>mbination backings are used where 


Rf. 26. VartoiH fypM ol nwtat-werfcfng eoslMi abrasivu. (Coiirlmy Tiw Carbo- 
nindum Company.) 

a backing stronger than paper but not with the extreme flexibility <rf 
cloth is needed. 

An important phase in the manufacture of coated abrasives is the 
application, of the abrasive particles on the backing material. The 
abrasive grains must be securely held in a manner to give the best 
'*Uting action for the type of work- to be done. For severe service, 
closed coating is recommended, the grains completely a»vering the 
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surfoce of the backing. Where increased flexibility is required, with 
no tendency for the particles to become loaded or clogged* an open 
coating is used. Particles are separated at predetermined distances, 
leaving the base surface of the backing exposed. A method of coat* 
ing, known as the electrocoating process, is illustrated in Figure 28. 
This method is based upon the scientific fact that particles oppositely 
charged attract one another. Referring to the figure, we see the 



R«. 27. Bhetemicregrapiit of tBroo Mfurol obrosivo frtim. ("Locfuro Conn# on 
Coated Abrotivot," Bohr-Monnine.} 

abrasive particles being carried between the two electrodes, across 
which is built up a high electrostatic field. As the particles enter 
the field, they first stand on end, aligning themselves in the direction 
of the flow of the electric force, and are then attracted to the glue* 
covered backing which iiT traveling in the same direction as the other 
belt. The abrasive grains are imbedded on end and are equally 
spaced on the backing. By this process the spacing of abrasive 
particles is a>ntrolled. 

Machines for using coated abrasives are usually of the disk- or belt- 
type. On the disk machines, parts to be finished are supported on a 
work table and manually moved back and forth while teing pressed 
against the disk. Belt machines have backing rollers or plates against 
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which preisure is exertied. Both types of machines can be used for 
either wef or dry grinding. Dimensional accuracy of this fonn of 
grinding is not very close, and the process is used primarily as one to 
prepare surfaces for further treatment. The quality of surface finish 
is governed by the fineness of the abrasive grains on the cloth. 

All forms of woodwork,, such as mill work, patterns, floors, and 
furniture, are finished in this manner. Leather goods, felt hats. 



Rf. 21. ElwfrpcMting iiMthed of applying afaraiivn graim l« glnn^evnrwl backing. 
(Ceurtaiy Balir>Manning Company.) 


metallurgical specimens, and many metal parts also rely on coated 
abrasives in manufacturing operations. The selection of the proper 
coated abrasive for a given job depends on the finish desired, amount - 
of stock to be removed, speed and pressure used by the sanding 
equipment, and the kind of surface to be sanded These factors 
should be considered for each application, as they influence the 
selection of the grit number, type of abrasive, the abrasive spacing, 
and the backing material. Unfortunately, not all coated abrasives 
are graded in the same manner. Flint paper and emery cloth have 
their own systems, while garnet and manufactured abrasives are 
graded by another system. Table 19 will be of assistance in the 
selection of the proper grades to use. 
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TABLE 19. Grading Chart for Coatad AbrasivM* 


Garnet 




Silicon Carbide 

Flint 

Emery 


Aluminum Oxide 

Paper 

Cloth 

Oetcriptioii 

500 

“ 



400 or 10/0 

500 




320 or 9/0 

280.or 8/0 

240 or 7/0 

5/0 


Very fine 

220 or 6/0 

4/0 




3/0 



180 or 5/0 


3/0 


150 or 4/0 


2/0 

Fine 

• 

2/0 



120 or 5/0 

0 



100 or 2/0 

Vi' 

Vi 


80 or 0 


1 




»V4 

Medium 

60 or ^ 


2 


50 or 1 

»V4 



40 or 1 1/2 

2 

2Vi 



2Vi 


Coarse 

56 or 2 

50 or 21/2 

3 



24 or 3 

5Vi 



20 or 5^ 

16 or 4 

12 or 4^ 



Very tuarse 


‘ Table prepar^ by Behr-Manning Company. 


REVIEW QUESTIONS 

1. What advantage does the grinding process have over other cutting processes? 

2. List the abrasives used for grinding wheels. 

3. Why are natural abrasives inferior to manufactured abrasives? 

4 . How b' silicon carbide made? 

5. State briefly how vitrified wheels are made. 

4 . What bonding materials are used in wheel manufacture? 

7. In puichasing a wheel for a specific purpene, what factors must be 
considered? 
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I. What are the baiic functioiu of a grinding wheel? 

f» What type of wheel is best adapted for grinding hardened sted? 

1C. What three movements are necessary in the operation of cylindrial 
grinding? 

II. Oesaibe the operation of a ccnieriess grinder. 

It. What are the advantages and limitations of centeriess grinding? 

IS. What is meant by “plungeeut’* grinding 

14, list and describe the several types of surface grinders. 

II. What are the four types of design used in internal grinders? 

11. Describe the type of wheel used on a vertical spindle surface grinder. 

17* For what type of work is honing used, and how much metal is usually 
removed in this operation? 

It. What is the purpose of lapping? 

If. What abrasives are used in lapping, and how are uiey applied? 

If. Briefly describe the superfinishing process. 
t1. How does superfinishing differ from honing? 

II. What type of work is d^ with coated abrasives? . 
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Abrasive disks, 547 
Abrasives, 570 
coated, 597 
Acetylene gas, 199 
Acme thread, 422 
Acrylic resins, 164 
Addendum, 517 
Adjustable bevel, 526 
Air furnace, 76 
Air gages, 345 

Alcoa direct-chill process, 120 
Allotropic changes, 125 
Allowances, 316 
pattern, 48 * 

Alloys, alluminum-base. 101 
copper-base, 102 
die-casting, 100 
lead-base, 105 
magnesium-base, 104 
tin-base, 105 
zinc-base, 101 

Aluminum-base alloys, 101 
Aluminum-base casting alloys, 85 
Aluminum oxides, 571 


Amplimeter, SSS 

Angl^age blocks, 327 

Angle milling cutters, 505 

Annealing, 134 

Annular gears, 516 

Anodizing, 229 

Apron, lathe, 377 

Arbor, 394 

Arbor cutter, 504 

Arch pren. 286 

Arc spot wdding, 215 

Arc welding, 204 

Asarco process, 117 

Aston process, 77 

Atomic-hydrogen welding, 210 

Austempering, 137 

Austenite, 126 

Automatic, roultispindle, 413 
Automatic arc-welding machine. 213 
Automatic die head, 431 
Automatic drilling tiiachine, 463 
Automatic lathe, 404 
classification. 390 
Automatic screw machine, 410 



INDG( 


Autoantioii.6 
BiUnite. 1S7 

Bakelite grinding whcds, 574 
Band filing, 549 
Band-friction aiuii^, 549 
Band poliahing, 551 
Band-saw bla<to, SM 
Band-sawing machines, 548 
Bellows. 11 
Bench lathe, 575 
Bench nMdding, 12 
Bevel-gear generator, 527 
Bevel gears, 514 
Bevel protractor, 526 
BiUet, 241 
Blast furnace, 62 
Blind riser, 20 
Blotm, 240 
Board hammer, 246 
Bonding processes, 575 
Boring. 457 
Boring machines, 477 
horizontal, 480 
jig. 477 
precision. 480 
vertical, .480 
Boring tools, 481 
Bot, 75 
Box tool. 599 
Brass, 84 

Brazing, 185, 220 . 

Broaching, advantages and limitations. 
554 

Broaching machine, continuous, 560 
horizontal, 559 ^ 

push, 556 
rotary, 560 
types of. 555 

vertical double-slide, 555 
vertical single-slide, 555 
Broaching tools, 562 
angles for, 566 
Bronze, 84 
Buna N rubber. 165 
Bung, 76 

Buttress thread, 422 
Butt welding. 194 
' Butyl rubber, 165 

Calcium carbide, 199 
Caliper. 520 
Calorizing, 229 
Carbides. 858 
Carbon|68 

Carboii-elcctrude welding, 206 
Carbunsing/lSO 


Casting. 9 
'eentiifugBl..l06 
deaning.86 
'tmitinuous, 117 
COf process, 115 
Cortheas.92 
die, 92 

"knt-wax." 109 
permanent nwld, 91 
plaster mold. Ill 
Casting alloys, aluminum, 85 
copper-zinc, 84 
magnesium. 85 
Casting plastics, 174 
shell molding process, 115 
slush. 92 
steel. 79 
Cast iron, 64 
analysis, 65 

effect of chemical elements, 68 
kinds of, 65 

Cast nonlinrrous alloys, 557 
CeUulose derivitics, 165 
Ceipentite, 66.126 * 

Centerless grinders, 581 
Center rest, lathe, 580 
Centrifugal casting, 106 
Centrifugal compacting, 149 
CentriAige casting, 108 
Ceraihk tools, 559 
Chamotte sand. 15 
Chaplets. 57 
Cheek,10 
Chem-milling. 568 
advantages and limitations, 569 
Chip breaker, 361 
Chip control, 561 
Chip shape and formation, 559 
Chucking reamer, 474 
Chucks, 382. 394 
magnetic. 589 
CiiLular metal saws, 545 
Circular pitch, 518 
Qay-content test. 26 
Qeaning castings, 86 
Coated abrasives, 597 
Coatings, metallic. 227 
tin, 228 
Coining, 274 

Cold-chamber method. 93 
Cold heading, 271 
Cold pressure weldhig, 217 
Cold sawing machine. 545 
Cold working, 264. 
advantages and limitations, 265 
processes, 266 
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Colleu, S82. S93 
Combination Kt, 919 
Combined cuts, 395 
CO 2 mold hardening proem, 115 
Comparator, 343 
projecting, 943 
Compound die, 305 
Compound rest, lathe. 377 
Compression molding, 107 
Contact electrodes, 209 
Continuous broaching machine. 560 
Continuous casting. 117 
Control chart, 346 
Converter furnace, 82 
Coolants. 361 
Cope, 10 

Copper-baK alloys. 102 
O^per•zinc-tin alloys, 84 
Core baking. 42 
Cot;e box, 36 

Core-making nuchines, 39 
Cores, 35 
balanced, 35 
.finders for, SB 
drop, 35 

essentia) qualities, 37 
making. 37 
types of, 95 
Corlheas casting, 92 
Corundum, 570 
Counterboring, 457 
Critical points, 125 
Critical quenching rate, 133 
Crown gear, 516 
Crucible furnace, 82 
Crucible process, 81 
Crucibles, 83 
Cupola, 70 

advantages and limitations. 76 
air supply, 73 
calculation of charge, 7-1 
hot-blast type. 74 
preparing and charging, 71 
Cutter-gear generating process, 523 
Cutter grinders, 591 
Cutters, hob, 530 
milling, 504 

Cutting, inert-gas metal-arc. 213 
oxyacetylene. 202 
Cutting forces, 331 
Cutting speed, 363 
Cyaniding, 141 
Cylindrical grinders, 579 

Dedendum. 518 

Deep-hole drilling machine, 456 
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Depth gage, 320 
Dial indicator, 342 
Diametral pitch, 519 
Diamonds, 359 
Diamond substitute, 232 
' Diaphragm medding machine. 30 
Die casting, 92 

Die casting, advanuget and limiutions. 

99 

alloys,-100 
dies for. 97 
Diet. 283 
bending, SOI 
blanking. 299 
casting, 97 
compound, 903 
drawing, 902 
inverted, 304 
pillar, 307 
progressive,'905 
sttbpress, 907 
threading, 428 
trimming, 299 
types of. 298 

Differential indexing, 50.5 
Direct casting, 121 
Direct iron, 65 
Distortion allowance. 49 
Distribution curve. 347 
Divider, 921 
Dividing head, 328. 501 
Double-housing planer, 449 
Double-margin drills, 4fB 
Draft allowance, 48 
Dra^. 10 
Drawbetich, 266 
Draw-cut shaper, 444 
Drawing, flange. 902 
Hube, 258,266 
^ivire, 268 
Draw spike, 11 
Drilled-holc size, 471 
Drilling, description of, 456 
Drilling jigs. 475 

Drilling niachincs. automated. 463 
classificaticm of, 457 
deep hole, 465 
gang. 459 
multispindle, 460 
radial, 459 
sensitive, 458 
size, 458 
upright, 458 
way-type, 462 
Ortlls. angles for, 470 
coolants for, 470 
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Drills, cutting speed, 471 
double-margin, 472 
kinds of, 466 
performance, 470 
special, 469 
Dr^ forging, 248 
Dry-sand molds, IS 
Duplex milling machine, 492 
Duplicating lathe, 408 
Duplicating machines, 495 

Elearical discharge machining. 366 
Klearical-resistance welding, 187 
Electric-arc furnace, 80 
Electric-arc welding, 204 
Electro-arc machining, 867 
Electrode coatings, 208 
Electrodes, welding, 207 
Electroforming. 224 
advantages and limitations. 225 
materials used, 225 
Electrolytic deposition. 147 
Electrolytic machining process. 367 
Embossing. 274 
Emery, 570 
End-mill cutters, 505 
Engineering materials, 6 
Engine lathe, 878 
Epoxides, 162 
Eutectoid steel, 126 
Extruded sheathing, 260 
Extruding, 178 
Extrusion, direct, 259 
impact, 260 
indirect, 259 
tube. 262 

Face milling cutters, 504 
Feed, 864 
Ferrite. 126 
Files. 549 
FUleu, 51 

Fineness test, sand, 26 
Fine pearlite, 188 
Finish allowance, 49 
Finish seam welding, 198 
Fits, types of, 814 
Fixed-bed milling machine. 492 
Fixtures, 510 
Flame hardening, 148 
Flame machining, 204 
Flash welding, 195 
Flask. 10 
snap, 10 

Floor molding, 12 
Fly-cutter, 469 


Follow board, 47 
Follower rest, lathe, 880 
Forge wdding, 184 
Forging, board hammer, 245 
cold, 271 
drop, 248 
fmpacter, 248 
prm,249 
1011.252 
smith, 248 
upset. 249 

Formed-tooth process, 521 
Form milling cutter, 505 
Foundry equipment, 9 
Friction disks, 547 

Gage blocks, 840 
Gages, air. 845 
classifiication, 884 
description, 886 
materials for, 885 
multiple-contact, 845 
Gagger, 11 
Galvanizing. 228 
Gang drilling machines, 459 
Gap press, 2% 

Garnet, 597 
Gm welding, 197 
Gate, 17 
Gate cutter, 12 
Gating systems. 18 
Gears, finishing operatimis. 598 
grinding. 586 
kinds of, 514 
lapping. 586 
method ot making. 519 
nomenclature, 516 
shaving, 588 
testing, 597 
Grain size. 128 
Granulation. 147 
Gray iron, 65 

Grinding, advanttges of. 569 
thread, 436 

Grinding machines, centerless, 581 
classification, 578 
cylindrical. 579 
internal, 584 
surface, 586 
tool. 591 

Grinding wheels, bonding processes. 

573 

functions of. 576 
manufaaure oi, 579 
marking system for, 577 
size and shape. 575 
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CrindinR wheels, speed, 577 
Guerin process, 307 

Hacksaw, 541 
Hadisaw blades, 544 
Hammer forging, 243 
Hand milling madiine, 488 
Hand reamer. 474 
Hardenability, 132 

Hardened steel, constituents of, IK 
Hardening, 130 
Hard surfacing. 229 
methods used, 231 
Hazelett process, 121 
Height gage, 324 
Helical gears, 514 
Hematite. 61 

Hermaphrodite calipers, 921 
HerringlK)n< gears, 514 
High-speed steel, 357 
Hobbing, die, 273 
gear, 530 
Hole cutter, 469 
Honing, 592 
Hooker process. 261 
Horizontal boring machine, 480 
Horizontal broaching machine, 559 
Horn press, 288 
Hot-chanilier method, 93 
Hot sfiinning. 259 
Hot working of metal. 236 
Hot working processes, 237 
ingot casting. 238 
rolling, 240 
Hydraulic press, 292 
Hydraulic shaper. 445 
Hydrodynamic process, 310 
Hydrogen, 197 
Hypereutectoid steel, 128 
Hy|X>eutectoid steel, 128 
Hypoid gears, 514 

Impacier forging hammer, 248 
Impact extrusion, 260 
Impregnated-type welding, 209 
Inclined press, 285 
Index head, 501 
Indirea-arc furnace. 80 
Indirect spot welding. 190 
Induction furnace, 81 
Induction hardening, 141 
Inert-gas metal-arc cutting, 213 
Inert-gas-shielded welding, 211 
Ingot casting. 238 
Injeaion molding, 169 
Inserted tooth cutters. 507 


Inspection, 313 
Internal grinders, 584 
Interrupted quenches, 137 
Involute, 516 
Involute cutters. 520 
'tron-iron-carbide diagram. 124 
Iron ore, 61 
Iron pyrite, 62 

Jacket, mold, 10 
jackscrewbase pattern, 57 
Jamo taper, 3M 
Jet molding, 173 
Jig boring machine, 477 
J^, drilling, 475 
Jolt molding machine, 29 
Jolt rollovcr-pattern-draw iMichine, 
32 

Jolt-squeeze molding machine, 29 
Jolt-squeeze rollover machine, 32 

Kerf, 544 
Keyseater, 447 
Killed steel. 239 
Knuckle joint press, 296 

Laminated plastics. 175 
Lancing, 300 
Lapping, 593 
Lathe, automatic. 405 
bench,375 
classification of. 373 
construction, 376 
duplicating, 408 
engine. 373 
geared-head. 374 
method supporting work, 381 
size. 375 
speed, 373 
tool room, 375 
types of, 372 

vertical multistation. 403 
Lathe tools, 385 
Lead-base alloys, 105 
Lead screw, lathe, 377 
Lifter, II 
Limonite, 61 
LcNun molds, IS 
''Lost-wax’* casting. 109 

Machinability, 355 
Machine molding, IS 
Machine sdection, 2 
Machining, flame. 204 
Magnesium-base alloys, 104 
Magnesium casting alloys. 85 
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Magnetic chucke. 5^ 

Magnetite, 61 
MalleaUe caM iron. 67 
Mandrd, S80 
Manganese, 69 
Marfom proeeM, 808 
Martempering, 187 
Martensite, 188 
Mash seam welding. 192 
Match plate, 47 

Measuring instramenu. angular, 828 
classification of, 819 
linear, 819 
surface. 828 
U. S. standard, 818 
Melamine, 162 
Mercury patterns, 118 
Metal-cutting took. 850 
Metal-electrode welding. 206 
Metallic coatings, 227 
Meul plating, 228 
Metal-powder producu, 155 
Metal powdera, advantages and limita¬ 
tions. 158 
characteristics, 147 
hot pressing. 152 
methods of producing, 147 
pressii^ to ^ape, 148 
Metal sawing machines, 541 
Metal slitting saw cutter, 506 
Metal spinning. 268 
Metal spraying, 238 
Methyl methacrylate, 164 
Micrometer, 821 

Microscope, tooltnaken’, 324 ^ 

Milling, chemical, 868 
Milling cutter, angles for, 507 
cutting speed, 509 
types 504 

Milling machines, classification, 488 
controls fbr, 499 
description of. 487 
drum-type, 4jM 
fixed-bed types. 489 
fixtures for. 510 
long table. 495 
ofiset, 495 
plain, 488 
planer-type, 491 
ram-type, 490 
lotaiy table, 494 
types of, 488 
universal, 490 
vertical, 490 
Miter gear, 514 
M<»hs' scale. 371 


INDEX 

Moittun temlng, 28 
lMold.9 

Mold hardness test, 26 
Mdlding, floor, 12 
machine, IS 
plastic. 167 
sand, 14 
tools for. 10 
Molding bMid. 10,18 
‘Mfdding machine, 28 
diaphragm, 86 
io1t.79 

jolt rollover, 82 
squeeier, 79 
strif^r plate, 82 
Molding processes, 12 
Molding sand, 14 
Molds, dry-sand, IS 
green-sand, IS 
loam, 13 
metal. 14 
nonmeMllk. 106 
plaatic, 178 
skin-dried, IS 

Molybdenum hif^-qieed steel, 857 
Morse uper, 384 
Mottled cast iron, 67 
Multiple cuts, 896 
Multiple-spindle automatics, 413 
Midtiple-spindle drilling machine. 
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Nec^rene, 165 
Nitriding. 140 
Nodular iron. 67 
Nonferrous alloys, 84 
Nonfonous casting, 82 
Nonnaliting, 185 

Offmt milling. 395 
Olivine sand, 15 
Open-hearth furnace, 80 
Open-side planer, 449 
Optical flat, 329 
Ore, iron. 61 

Oxyacetylene torch cutting, lOi 
Oxyacetylene welding, 197 
Oxygen. 197 

Oxyhydrogen tvelding. 200 

Pantograph engraving machine, 496 
Parkerizing. 229 
Pattern construction, gear, 56 
gib, 57 

iacksrrew base. 57 
V-block, 49 
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Patterm, 45 
altowancci for, 48 , 
ccrior idicme, 52 
oonstmction of, 49 
gated, 47 
match plate. 47 
materiaU for, 52 
mcxcury, 113 
ttietal. 53 
plattAr, 54 
plastic, 53 
sweep, 47 
types of, 47. 

Pattern wortc, tools for, 54 
Pcarllte,65.126 
Percussion press, 292 
Percussion Holding, 196 
Permanent-mold casting, 91 
Permeability numbers. 25 
Penpeability test, 23 
Phenol formaldehyde, 161 
Phenol furfural, 162 
Phosphorus. 69 
Pig irbn, 61 
classification, 62 
refining, 64 
Pillar die, 307 
Pipe, manufacture, 253 
butt wdded. 253 
electric butt. 254 
lap welded, 256 
seamless, 256 
Pipe threads, 423 
Pit molding, 12 
Pit-type planer, 451 
Plain milting cutter, 505 
Plain milling machine, 488 
Planers, classification, 448 
description of, 447 
double-housing. 449 
drives for, 448 
edge or plate, 452 
openside,449 
pit-type, 451 
sise, 448 
tools for, 452 

universal, 451 * 

woifc-holding devices for, 452 
Planer-type milling machines, 491 
Planetary milling madiine, 495 
Plaster-mtdd casUngs. Ill 
Plastics. 159 

blowing and vacuum formii^. 176 
casting, 174 

compression maiding. 167 
eatruding, 173 


/plastks, injection molding. 169 
^ laminated, 175 
materials for, 160 
methods of processing, 166 
molds for. 178 
' preforming, 166 
transfer mining. 169 
Plate bending. 277 
Plate planer. 452 
Plating. 228 
Plug gage, 336 
Polyethylene, 164 
Polystyrene, 163, 

Porous metal sheet, 153 
Pouring basin, 18 
Powder metallurgy. 145 
advantages and limitations, 155 
products, 155 
Preforming, 166 
Press, arch. 286 
brake. 290 
description ot, 283 
drive mechanisms. 295 
feed mechanisms. 296 
gap. 285 
horn. 288 
hydraulic, 292 
iiiclined, 285 
knuckle-joint, 286 
percussion, 292 
straij^t-side. 286 
transfer, 293 
turret, 290 
types of, 284 
Presn forging, 249 
Pressure gas welding. 201 
Process annealing, 135 
Pronsses, surfisce finishing, 5 
joining. 5 
machining, 3 
manttfaauring, 2 
molding, 12 
primary, 3 

Profiling ituchines, 495 
Profilometer, 331 
Progressive die, 305 
Projecting comparitor, 343 
Projection welding, 191 
Puddling process, 77 
Punches and dies, 298 

Quality contnd, 346 
Quenching, interrupted, 137 
Quenching media, 131 
Quick-diange gears, 377 
Quick-recum mechanism, 4^ 
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Rack flcuf. 516 
Radial diilUng machine. 459 
Rake angle, 952 
Rammer, 11 
Reamen, types of. 479 
Reaming, 457 

Reciprocating mdd piooeM, 117 
Rdieving attadiment, lathe, 977 
Resinoid grinding wheels, 574 
Reverie polarity, 206 
Riddle. II 
Rimmed steel, 299 
Ring gage. 997 
Riser. 18 
blind. 20 
Riveting. 274 
Roll forging. 252 
Roll forming, 275 
Rolling, 240 

Rolling screw threads. 494 
Rolling steel, 240 
Root^mean'square, 999 
Rose reamer, 474 
Rotary broaching machine, 560 
Rotary gear shaper, 525 
Rubber, synthetic, 165 
Rubber grinding wheels, 574 
Rule, 919 
Runner, 18 

Safety glass, 175 
Sand, chamotte. 15 
oimditioning, 20 
olivine. 15 
sOica, 14 
testing. 29 
zircon. 15 
Sandblasting, 88 
Sandslinger, K 
Sand testing, clay cmitrol, 26 
fineness. 26 
moisture. 29 
permeability, 29 
strength. 27 

Sawing machines, band, 548 
circular. 545 
classification, 541 
reciprocating, 541 
Scarfing, 185 

Saew machine, automatic, 410 
Swiss, 412 

Screw threads, method of making, 
429 

types of. 420 
uses of, 419 
Seaming, 277 


INDEX 

Seamless tubing, 256 
Seam welding, 191 
Sellen taper, 984 
Semicentrifugal casting, 107 
Sensitive driU, 458 
Set (d saw, 544 
Shake allowance, 49 
Shank cutters, 504 
Shapers, classification of. 440 
constructkm of. 441 
cutting speed. 442 
definitimi. 440 
draw-cut, 444 
gear, 529 

horizontal-type, 441 
hydraulic, 445 
tool shapes for, 446 <-’■ 

vertical, 446 

Shearing. 298 . 

Shellac, 51 

Shellac grinding wheels, 574 
Shell molding process, 119 
Shell reamer, 475 
Shot peening. 278 
Shotting, 147 
Shrinkage allowance, 48 
Side milling cutter, 505 
Sideritc. 61 

Silicate grinding wheels, 579 
SiliocHi, 68 
Silicon carbide, 571 
Silicones, 162 

Simplex milling machine, 492 
Sine bar, 926 
Sintering, 145,150 
Skelp, 256 
Skimming gate, 18 
Skin-dried molds, 19 
Slick. 11 

Slush casting, 92 

Smith forging, 249 

Snap gage, 999 

'Soldering, 189,221 

Special machining processes. 965 

Speed lathe, 979 

Spheroidizing, 195 

Spot welding. 188 

Spring back, 901 

Sprue pin. 17 

Spur gean, 514 

Square threads, 422 

Squaring shears. 290 

Squeeze molding machine, 29 

Staking. 274 

Standard deviation, 947 

Standard of measurement. 918 
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Statistical quality contiol, S46 
Steadite, SS, 69 
Steam hammer, 246 
Steel, beat treatment of. 12S 
high carbon, S56 
high speed, 357 
maximum hardness, ISS 
Steel castings. 79, 
dassiScation. 79 
furnaces used, 80 
Step drills! 473 
Step gating, 18 
Straight edge, 329 
Straight polarity, 204 
Straight-side press, 286 
Stretch forming, 220 
Strike rpd^S 
^tripper-plaue machine, 32 
Stud arc ivtjding, 216 
Sutpnerged-arc welding. 215 
Suppress die. 307 
Sul^r, 69 
Superhnishing, 595 
Supethigh-speed steel, 357 
Surface-finidi processes. 5 
Surface gage, 329 
Surface grinders. 586 
Surface hardening, 139 
Surface roughness, SSI 
Swab, 11 
Swaging, 271 
Sweep patterns, 47 
Swiss-type screw machine, 412 
Synthetic rubber, 165 

TailstOcK, lathe, 377 
Taper gaf^. 447 
Taper turning. 384 
Tapping machine. 432 
Taps. 428 
Tap-sixe drills, 429 
Telescopic gage, 325 
Temper carbon. 67 
Tempering, 136 

Templet gear-cutting process, 522 
Thermit welding, 217 
Thermoplastic compounds, Kl 
Thermosetting compounds, 160 
Thickness gage. 342 
Thiokol, 165 
Thread cutting. 430 
Thread dial indicator, 428 
Thread gage, 338 
Threading machines, 431 
Threads, grinding. 436 
lathe turning. 424 


^Threads, milling, 433 
rolling. 434 
types of, 420 
• Tin-base alloys, 105 
Tin coatings 228 
^ Toggle mechanisms, 287 
Tolerance, 316 
unilateral or bilateral, 317 
Tool life. 355 
Toolmakers’ flats, 328 
Toolmakers’ microscopes, 324 
Toolroom lathe. 375 
Tools, cutting forces for, 351 
lathe, 386 
materials for, 356 
metal cutting. 350 
shapes and angles, 352 
Transfer machines, 464 
Transfer molding, 169 
Transfer press. 293 
Trowel, 11 
T-slot cutters, 507 
Tube drawing. 266 
Tungsten carbide, 358 
Turret-lathe, automatic, 400 
dassification, 389 
construction of, 391 
controlled spindle. 400 
features of. 392 
horizontal, 390 
vertical, 402 
tooling principles, 395 
Turret press, 290 
Tuyeres, 62 
Twinning,.265 
Twist drills, 468 

Ultrasonic machining, 365 
Unified screw thread, 422 
Universal milling machine. 490 
Universal planer, 451 
Upright drills, 458 
Upset forging. 249 
Urea formaldehyde. 161 

Vent wire, 11 
Vernier caliper, 323 
Vernier height gage. 324 
Vertical boring machine. 480 
Vertical broaching machine, 555 
Vertical milling machine, 490 
Vertical multistation lathe, 403 
Vertical shaper, 446 
Vertical turret lathe, 402 
Vinyl resins. 164 
Vitrified grindii^ wheels. 573 



Wddcd jointi, IM 
Wdding, m 
•rc.204 
aicipot.ZlS 
atomic hydrofm. SIO ' 
butt, 194 

carboa-clectrode.206 
odM premiK, 217 
conditimu fm, 184 
dcBnitioii. 182 
elcctrical*Kiiittiwe, 187 
flash. 195 
forge, 184 
pi. 197 

impregnated tape. 209 
inert-gai'Shielded. 211 
metal electrode. 206 
oxyacetylene. 197 
oxyhydrogen,200 
peransion, 196 
pieMuiegas.201 
projectioii. 191 


Welding, seam, 191 
spot. 189 
stud arc. 216 
ful»iierged*arc.2I5 
Thennit.217 
WeldiQgprooeiics,184 
Wheelabrator tumblait, 87 
White iron. 66 

Williams continuous process. 119 
Wire drawing. 268 
Wood, cutting speed for, 55 
woihabilityof.SS 
Worm gearing. 515 
Wrought iron. 77 
analysis, 78 

Yard, 818 * v, 

Zerol gean, 514 
Zinc-base alloys, 101 
Zircon sand. 15 










